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ATLASCMS

Large Hadron Collider

LHCb

ALICE

LHC已经运行近十年了！

一期：7 TeV (2010/2011)
8 TeV (2012)

二期：13 TeV (2015-2018)

2019-2020:停机
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The Run-2 Legacy
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Online, 13 TeVATLAS -1Ldt=148.5 fb∫
> = 13.4µ2015: <
> = 25.1µ2016: <
> = 37.8µ2017: <
> = 37.0µ2018: <
> = 34.2µTotal: <

Initial 2018 calibration

140 fb-1 data available in Run-2 (thanks LHC!)

Challenging environment: <"> ~ 40

During shutdown: Upgrade & Maintenance activities for 14 TeV running
• Run-3: ~150 fb-1 (2021-2023)
• Run-4: ~3000 fb-1 (after ~2026)

LHC二期运行顺利结束
• LHC delivered：158 fb-1

• ATLAS采集：149 fb-1，效率>94%
• 可用做物理分析：140 fb-1
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140 fb-1 data available in Run-2 (thanks LHC!)

Challenging environment: <"> ~ 40

During shutdown: Upgrade & Maintenance activities for 14 TeV running
• Run-3: ~150 fb-1 (2021-2023)
• Run-4: ~3000 fb-1 (after ~2026)

LHC二期运行顺利结束
• LHC delivered：158 fb-1

• ATLAS采集：149 fb-1，效率>94%
• 可用做物理分析：140 fb-1

• 最高瞬时亮度 L = 2.1x1034cm-2s-1

• 平均Pileup：~35

Low-mu data for precision
measurement

挑战



ATLAS数据采集@LHC二期

4/20/19 李海峰（山东大学，青岛） 6
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140 fb-1 data available in Run-2 (thanks LHC!)

Challenging environment: <"> ~ 40

During shutdown: Upgrade & Maintenance activities for 14 TeV running
• Run-3: ~150 fb-1 (2021-2023)
• Run-4: ~3000 fb-1 (after ~2026)

LHC二期运行顺利结束
• LHC delivered：158 fb-1

• ATLAS采集：149 fb-1，效率>94%
• 可用做物理分析：140 fb-1

• 最高瞬时亮度 L = 3x1024cm-2s-1

• 平均Pileup：~35
• 2018年取数：60 fb-1

• 正常工作的探测器channel > 95%

Data > 1 PB/day, 20 GB/s, 
1.500.000 - 2.000.000 files / day

ATLAS: Recent Results and Future Perspectives
gbrandt@cern.ch

SILAFAE 
26.-30.11.18
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ATLAS Data Quality 2018

● Very efficient data taking by ATLAS.
○ 93.0% of delivered LHC luminosity recorded.
○ 97.5% of data “Good for physics” (rest is not suitable for analysis).

● > 95% of detector channels still operational.
○ 100% acceptance remains thanks to redundancy.

● Computing (Reconstruction):
○ Smooth and sustained production.
○ Tier 0: 23.000 cores, Total GRID: 300.000 - 350.000 cores.
○ Data throughput > 1 PB/day, 20 GB/s, 1.500.000 - 2.000.000 files / day.

95%
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7000吨，长44米，高25米

ATLAS: Recent Results and Future Perspectives
gbrandt@cern.ch

SILAFAE
26.-30.11.18
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The ATLAS Detector at Run 2

Weight 7000t, 44 m long, 25 m high

Electromagnetic 
calorimeter(|𝜂|<3.2) 

● 𝑒/𝛾 trigger, identification
and measurement

Muon spectrometer (|𝜂|<2.7)
● Muon trigger, identification and 

measurement

Inner detector(|𝜂|<2.5) in 2T Solenoid
(TRT, SCT and Pixels)

● Charged-particle tracking and momentum 
measurement 

(|𝜂|<4.9)
● Jets and MET

identification and 
measurement 

ATLAS合作组：~3000人
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The ATLAS Detector at Run 2
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Muon spectrometer (|𝜂|<2.7)
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measurement

Inner detector(|𝜂|<2.5) in 2T Solenoid
(TRT, SCT and Pixels)

● Charged-particle tracking and momentum 
measurement 

(|𝜂|<4.9)
● Jets and MET

identification and 
measurement 

内部径迹探测器（|𝜂|<2.5）
2T Solenoid
Pixels, SCT and TRT

电磁量能器（|𝜂|<3.2）
LAr/Pb

强子量能器（|𝜂|<4.9）
Scintillator/Steel

缪子谱仪（|𝜂|<2.7）
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到目前为止，ATLAS
提交文章840篇

Only can cover some
highlights from recent
ATLAS results with
personal bias
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1 Introduction

The joint production of three vector bosons is a rare process in the Standard Model (SM). Studies of triboson
production can test the non-Abelian gauge structure of the SM theory and any deviations from the SM
prediction would provide hints of new physics at higher energy scales [1–4]. Triboson production has been
studied at the Large Hadron Collider (LHC) using proton–proton (pp) collision data taken at

p
s = 8 TeV

for processes such as ��� [5], W�� [6, 7], Z�� [7, 8], WW� and W Z� [9, 10], and WWW [11].

This letter presents the first evidence for the joint production of three massive vector bosons in pp collisions
using the dataset collected with the ATLAS detector between 2015 and 2017 at

p
s = 13 TeV. At leading

order (LO) in quantum chromodynamics (QCD), the production of three massive vector bosons (VVV ,
with V = W, Z) can proceed via the radiation of each vector boson from a fermion, from an associated
boson production with an intermediate boson (W , Z/�⇤ or H) decaying into two vector bosons, or from a
quartic gauge coupling vertex. Representative Feynman diagrams are shown in Figure 1.

Figure 1: Representative Feynman diagrams at LO for the production of three massive vector bosons, including
diagrams sensitive to triple and quartic gauge couplings.

Two dedicated searches are performed, one for the W±W±W⌥ (denoted as WWW) process and one for the
W±W⌥Z (denoted as WW Z) and W±Z Z (denoted as W Z Z) processes. To search for the WWW process,
events with two same-sign leptons with at least two jets resulting from WWW ! `⌫`⌫qq (` = e, µ,
including ⌧ ! `⌫⌫) or three leptons resulting from WWW ! `⌫`⌫`⌫ are considered and are hereafter
referred to as the `⌫`⌫qq and `⌫`⌫`⌫ channels, respectively. To search for the WW Z and W Z Z (denoted
as WV Z) processes, events with three or four leptons resulting from WV Z ! `⌫qq``, WW Z ! `⌫`⌫``,
and W Z Z ! qq```` are used. Selection criteria are chosen in order to ensure there is no overlap between
di�erent channels. A discriminant that maximises the sensitivity to the VVV signal is defined in each
channel. The discriminants are combined using a binned maximum-likelihood fit, which allows the signal
yield and the background normalisations to be extracted. The combined observable is the signal strength
parameter µ defined as the ratio of the measured VVV cross section to its SM expectation.

2 The ATLAS detector, data and simulation samples

The ATLAS detector [12–14] is a multi-purpose particle detector comprised of an inner detector (ID)
surrounded by a 2 T superconducting solenoid, electromagnetic (EM) and hadronic calorimeters, and a
muon spectrometer (MS) with one barrel and two endcap air-core toroids. The ID consists of a silicon
pixel detector, a silicon microstrip detector, and a transition radiation tracker, and covers |⌘ | < 2.5 in
pseudorapidity.1 The calorimeter system covers the pseudorapidity range |⌘ | < 4.9. The MS provides muon
1 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the centre of the detector

and the z-axis along the beam pipe. The x-axis points from the IP to the centre of the LHC ring, and the y-axis points

2

3个有质量的规范玻色子产生的迹象 标准模型中的稀有过程
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Figure 5: (a) Extracted signal strengths µ for the four analysis regions and for the combination. (b) Event yields as a
function of log10 (S/B) for data, background B and the signal S. Events in all eleven signal regions are included. The
background and signal yields are shown after the global signal-plus-background fit. The hatched band corresponds to
the systematic uncertainties, and the statistical uncertainties are represented by the error bars on the data points. The
lower panel shows the ratio of the data to the expected background estimated from the fit, compared to the expected
distribution including the signal (red line).

7 Conclusion

In conclusion, a search for the joint production of three massive vector bosons (W or Z) in proton–proton
collisions using 79.8 fb�1 of data at

p
s = 13 TeV collected by the ATLAS detector at the LHC, is presented.

Events with two, three or four reconstructed electrons and muons are analysed. Evidence for the production
of three massive vector bosons is observed with a combined significance of 4.0 standard deviations, where
the expectation is 3.1 standard deviations. The measured production cross sections are �

WWW

= 0.68+0.23
�0.21

pb, and �
WWZ

= 0.49+0.20
�0.18 pb, in agreement with the Standard Model predictions.
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Figure 4: Post-fit distribution of (a) m
j j

for the WWW ! `⌫`⌫qq analysis (ee, eµ, µe, µµ combined), (b) number of
events for the WWW ! `⌫`⌫`⌫ analysis, and the BDT response in the (c) 3`-2j and (d) 4`-DF channels for the WV Z
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喷注的两点、三点关联函数：
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2
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defined as

e(β)2 =
1

p2TJ

∑

1≤i<j≤nJ

pT ipTjR
β
ij ,

e(β)3 =
1

p3TJ

∑

1≤i<j<k≤nJ

pT ipTjpTkR
β
ijR

β
ikR

β
jk , (2.2)

where pTJ is the transverse momentum of the jet with respect to the beam, pT i is the

transverse momentum of particle i, and nJ is the number of particles in the jet. The

boost-invariant angle R2
ij = (φi−φj)2+(yi−yj)2 is the Euclidean distance in the azimuth-

rapidity plane and for infrared and collinear (IRC) safety, the angular exponent β > 0. In

this paper we will only study up through e(β)3 , but higher-point energy correlation functions

are defined as the natural generalization. We will often omit the explicit dependence on β,

denoting the n-point energy correlation function simply as en.

The energy correlation functions have many nice properties that make them ideal

candidates for defining a basis of jet observables. First, the energy correlation functions

are defined such that e(β)n → 0 in any of the soft or collinear limits of a configuration of

n particles. Second, because all angles in the energy correlation functions are measured

between pairs of particles, e(β)n is insensitive to recoil or referred to as “recoil-free” [53, 56–

59]. This means that it is not sensitive to the angular displacement of the hardest particle

(or jet core) from the jet momentum axis due to soft, wide angle radiation in the jet. The

effects of recoil decrease the sensitivity of an observable to the structure of radiation about

the hard core of the jet, making it less efficient for discrimination purposes.

Depending on the application, different energy correlation functions are useful as dis-

criminating observables. As discussed in ref. [53], the two-point energy correlation function

is sensitive to radiation about a single hard core, and so is useful for quark versus gluon

discrimination. Similarly, the three- and four-point energy correlation functions are use-

ful for 2- or 3-prong jet identification, respectively, corresponding to boosted electroweak

bosons (W/Z/H) or hadronically decaying top quarks. By measuring appropriate energy

correlation functions we define a phase space, populated by signal and background jets.

As a point of reference, we will also study the N -subjettiness observables and compare

the structure of their phase space with that of the energy correlation functions. The

(normalized) N -subjettiness observable τ (β)N is defined as

τ (β)N =
1

pTJ

∑

1≤i≤nJ

pT imin
{
Rβ

i1, . . . , R
β
iN

}
. (2.3)

The angle RiK is measured between particle i and subjet axis K in the jet. Thus, N -

subjettiness partitions a jet into N subjet regions and measures the pT -weighted angular

distribution with respect to the subjet axis of each particle. There are several different

choices for how to define the subjet axes; here, we will define the subjet axes by the exclusive

kT jet algorithm [60] with the winner-take-all (WTA) recombination scheme [59, 61, 62].

In contrast to the traditional E-scheme recombination [63], which defines the (sub)jet axis

to coincide with the net momentum direction, the WTA recombination scheme produces

– 4 –

e2 =
ECF2

(ECF1)2 ,

e3 =
ECF3

(ECF1)3 .

The observables e2 and e3 are measured, and are later referred to as ECF2norm and ECF3norm.
These ratios are then used to generate the variable C2 [66], and its modified version D2 [65, 67],
which have been shown to be particularly useful in identifying two-body structures within jets [68].
The C2 and D2 variables as defined below are measured in this analysis:

C2 =
e3

(e2)2
,

D2 =
e3

(e2)3
.

• Ratios of N-subjettiness [69], ⌧21 and ⌧32. The N-subjettiness describes to what degree the
substructure of a given jet is compatible with being composed of N or fewer subjets.

In order to calculate ⌧N, first N subjet axes are defined within the jet by using the exclusive k

t

algorithm, where the jet reconstruction continues until a desired number of jets are found. The 0-, 1-,
2-,and 3-subjettiness are defined as:

⌧0(�NS) =
’
i2J

pTi R
�NS
, (1a)

⌧1(�NS) = 1
⌧0(�NS)

’
i2J

pTi�R

�NS

a1,i
, (1b)

⌧2(�NS) = 1
⌧0(�NS)

’
i2J

pTi min(�R

�NS

a1,i
,�R

�NS

a2,i
), (1c)

⌧3(�NS) = 1
⌧0(�NS)

’
i2J

pTi min(�R

�NS

a1,i
,�R

�NS

a2,i
�R

�NS

a3,i
), (1d)

where �R is the angular distance between constituent i and the jet axis, a

i

, and �R

a,n is the angular
distance between constituent i and the axis of the n

th subjet. The term R is the radius parameter of
the jet. The parameter �NS gives a weight to the angular separation of the jet constituents. In the
studies presented here, the value of �NS = 1 is used. In the above functions, the sum is performed
over the constituents i in the jet J, and a normalisation factor ⌧0 (Eq. (1a)) is used. The ratios of the
N-subjettiness functions, ⌧21 = ⌧2/⌧1 and ⌧32 = ⌧3/⌧2 have been shown to be particularly useful in
identifying two-body and three-body structures within jets.

Studies presented in Ref. [70] have shown that an alternative axis definition can increase the
discrimination power of these variables. The winner-takes-all (WTA) axis uses the direction of
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Figure 5: The distributions of C2 compared with di�erent MC predictions for soft-dropped large-radius jets from
dijet (top left), top (top right), and W (bottom left) selections. For the dijet selection, S����� is tested with two
di�erent hadronisation models. Data are compared between the soft-dropped large-radius jets for the three selections
mentioned above (bottom right). The shaded bands represent the total uncertainty, while the error bars show the
statistical uncertainty, except in the bottom right plot, where the shaded areas represent the total uncertainty.
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文章中还有很
多其他的变量
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EW QCD

Sensitive to quartic gauge couplings

Obs. (exp.) significance: 5.3 (3.2) σ

• 判选：要求正好三个轻子 (e/mu)
• 使用BDT方法，15个变量

(关于 vector bosons, leptons 
and jet kinematics)

arXiv:1812.09740

13 TeV, 36 fb-1

EUROPEAN ORGANISATION FOR NUCLEAR RESEARCH (CERN)

Submitted to: Phys. Lett. B CERN-EP-2018-286
27th December 2018

Observation of electroweak W±Z boson pair
production in association with two jets in pp

collisions at ps = 13 TeV with the ATLAS detector

The ATLAS Collaboration

An observation of electroweak W±Z production in association with two jets in proton–
proton collisions is presented. The data collected by the ATLAS detector at the Large Hadron
Collider in 2015 and 2016 at a centre-of-mass energy of

p
s = 13 TeV are used, corresponding

to an integrated luminosity of 36.1 fb�1. Events containing three identified leptons, either
electrons or muons, and two jets are selected. The electroweak production of W±Z bosons in
association with two jets is measured with an observed significance of 5.3 standard deviations.
A fiducial cross-section for electroweak production including interference e�ects is measured
to be �

WZj j�EW = 0.57 +0.14
�0.13 (stat.) +0.07

�0.06 (syst.) fb. Di�erential cross-sections of W±Z j j
production for several kinematic observables are also measured.

© 2018 CERN for the benefit of the ATLAS Collaboration.
Reproduction of this article or parts of it is allowed as specified in the CC-BY-4.0 license.
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Figure 5: The W boson charge asymmetry as a function of absolute muon pseudorapidity. The data are presented
with systematic and total uncertainties (the data statistical uncertainties are smaller than the size of the markers). In
the left plot, the data are compared with the prediction from DYNNLO in which the CT14 NNLO PDF set is used.
The DYNNLO prediction is also shown with its associated total theoretical uncertainty, along with the component
from the PDF set. In the right plot, the data are compared with the central prediction from DYNNLO produced using
a selection of PDFs. The statistical uncertainties of the DYNNLO predictions are indicated by error bars. The ratios
of the data to the corresponding prediction are shown in the lower panels.
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1 Introduction

Measurements of the W+ and W� boson cross-sections in hadron collisions are a sensitive probe of quantum
chromodynamics (QCD). High-precision predictions at next-to-next-to-leading-order (NNLO) accuracy
in QCD are available to compare with data. Of particular interest is the ability of such measurements to
discriminate between di↵erent parton distribution functions (PDFs) [1–7], because the W boson rapidity1

y is strongly correlated with the initial-state parton momentum fractions x. In high-energy proton–proton
collisions, the main production mechanism of single W bosons is a valence quark annihilating with a
sea antiquark. The W bosons are preferentially produced with a boost in the direction of the incoming
valence quark, as the quark is more likely to be at a higher x than the corresponding antiquark. Since
the PDFs of u and d quarks in the proton di↵er (largely due to there being two valence u quarks and
one valence d quark), there is a production asymmetry between W+ and W� bosons (referred to in this
paper as the W boson charge asymmetry), which also varies as a function of rapidity. The boson rapidity
cannot be determined unambiguously in leptonic decays of the W boson because the decay neutrino passes
through the detector unobserved. The charge asymmetry can instead be measured as a function of the
decay lepton’s pseudorapidity ⌘`, which is strongly correlated with the W boson rapidity.

The W boson charge asymmetry was measured in proton–antiproton collisions by the CDF and D0
collaborations [8–10]. It was also measured, along with the individual cross-sections, in proton–proton
collisions at the LHC by the ATLAS Collaboration at centre-of-mass energies of

p
s = 5 TeV [11] and

7 TeV [2], by the CMS Collaboration at
p

s = 7 and 8 TeV [12–14], and by the LHCb Collaboration at
p

s
= 7 and 8 TeV [15–17].

This paper presents measurements of the integrated fiducial cross-sections for W+ ! µ+⌫ and W� ! µ�⌫̄,
as well as the di↵erential cross-sections, d�Wµ+ /d⌘µ and d�Wµ� /d⌘µ, as a function of |⌘µ|, where ⌘µ is
the pseudorapidity of the decay muon. The data used were collected in proton–proton collisions at a
centre-of-mass energy of

p
s = 8 TeV with the ATLAS experiment at the LHC and correspond to a total

integrated luminosity of 20.2 fb�1 [18]. The muon decay channel (W ! µ⌫) is particularly well suited for
this measurement due to good lepton identification and small contributions from background processes. In
addition, a measurement of the W boson charge asymmetry Aµ is presented, also as a function of |⌘µ|. The
asymmetry is defined in terms of the W+ and W� di↵erential cross-sections as

Aµ =
d�Wµ+ /d⌘µ � d�Wµ� /d⌘µ
d�Wµ+ /d⌘µ + d�Wµ� /d⌘µ

. (1)

The measurements are performed in a fiducial phase space, which is defined by the kinematics and
geometrical acceptance of the muon. All measurements are compared with predictions from a calculation
performed at NNLO accuracy using the DYNNLO program [19]. The DYNNLO predictions are produced
with six di↵erent PDF sets.

1 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point in the centre of the detector and
the z-axis coinciding with the axis of the beam pipe. The x-axis points from the interaction point to the centre of the LHC
ring, and the y-axis points upward. Cylindrical coordinates (r, �) are used in the transverse plane, � being the azimuthal angle
around the beam pipe. The pseudorapidity is defined in terms of the polar angle ✓ as ⌘ = � ln tan(✓/2). The rapidity y of a
system is defined in terms of its energy E and its longitudinal momentum pz as y = (1/2) ln[(E + pz)/(E � pz)]. Angular
separations between particles or reconstructed objects are measured in ⌘–� space using �R =

p
(�⌘)2 + (��)2.

3

arXiv:1904.05631

W产生的电荷不对称性

8 TeV, 20 fb-1

WZ的极化

PDF

arXiv:1902.05759

13 TeV, 36 fb-1

f：helicity fraction

W/Z的质心系

MATRIX：NNLO



4/20/19 李海峰（山东大学，青岛） 19

新物理的寻找

最大 mjj = 8.12 TeV

pT=3.8 TeV
pT=3.8 TeV

Di-jet resonance search

ATLAS-CONF-2019-007
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greater than 1.1 TeV (filled points). The solid line depicts the background prediction
from the sliding-window fit. The vertical lines indicate the most discrepant interval identified by the B���H�����
algorithm [48, 49], for which the p-value is reported in the figure. The expected contributions for q

⇤ signal with a
mass of 4 and 5 TeV are overlaid, normalized to 0.1 times their predicted cross section. The lower panel shows the
bin-by-bin significance of the data-fit discrepancy, based only on statistical uncertainties.

on the signal sample acceptance, described in Section 4, are considered in the limit-setting procedure.
These uncertainties are incorporated into the limits by varying all of the uncertainty sources according to
Gaussian probability distributions.

Confidence intervals are then calculated from the resulting profile of the parameter-of-interest of the
likelihood. The limit obtained on q

⇤ signal cross-section is shown in Figure 2(a). Thus, q

⇤ signals with
mass below 6.7 TeV (6.4 TeV) are excluded (expected to be excluded) at 95% CL.

Exclusion limits are also expressed on the cross-section times acceptance times branching ratio to two jets,
� ⇥ A⇥ BR, of a hypothetical signal modeled as a Gaussian peak in the particle-level m

j j

distribution (as in
Ref. [9]). Gaussian signal models are tested for di�erent mass hypotheses, m

G

, and di�erent possible widths
of the signal, �

G

, at the detector reconstruction level. Signal widths range from the detector resolution
width of approximately 3%, which would correspond to the case of a resonance with an intrinsic width
negligible with respect to the detector resolution, up to a relative width of �

G

/m

G

= 15%. For resonances
broader than the considered widths the presence of the signal would significantly a�ect the background
estimation obtained using the sliding-window fit. To evaluate the e�ect of systematic uncertainties on the
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Figure 2: The 95% CL upper limit obtained from the dijet invariant mass (m
j j

) distribution on cross-section times
acceptance times branching ratio to two jets, � ⇥ A ⇥ BR, as a function of (a) the mass of a q

⇤ signal (m⇤
q

) and
(b) the mass of a hypothetical signal that produces a Gaussian-shaped contribution to the m

j j

distribution. For
Gaussian-shaped signals the observed limits are reported for di�erent width hypotheses �

G

. The expected limit and
corresponding ±1� and ±2� uncertainty bands are also indicated for the q

⇤ model in (a). Limits corresponding to a
Gaussian-shaped signal with a relative width of 15% are set up to m

G

= 6 TeV due to the poor background estimation
when a broad signal overlaps the upper end of the m

j j

spectrum.

limit-setting procedure for Gaussian-shaped signals a Gaussian is fitted to the nominal and systematically
varied q

⇤ signals. The associated uncertainty is set to the shift in the mean of the Gaussian.

Figure 2(b) shows the observed limits on the Gaussian signal models obtained for a mean mass m

G

and
di�erent widths. For a given m

G

mass, the expected limit is indicated for a Gaussian-shaped signal with a
width of 3%, comparable with the detector resolution. These limits are set for m

G

in the range 1.1–7.0 TeV,
with the lowest value of m

G

separated from the lower m

j j

threshold by at least the corresponding �
G

.

7 Conclusion

This note presents a search for BSM phenomena producing a localized excess in the dijet invariant mass
spectrum using the dataset collected between 2015 to 2018 by the ATLAS experiment from the Large
Hadron Collider proton-proton collisions at

p
s = 13 TeV, corresponding to a total integrated luminosity of

139 fb�1.

No significant excess has been observed over a smoothly-falling background prediction. The data are found
to be in agreement with a background only hypothesis with p-value of 0.8. This analysis excludes q

⇤

models with masses below 6.7 TeV at 95% CL. It also sets 95% CL upper limits on the cross-section times
branching ratio for new processes that would produce a Gaussian-shaped contribution to the dijet mass
distribution. These results substantially extend the excluded ranges by around 700 GeV for mass limits of

7

Excited quarks < 6.7 TeV are 
excluded at the 95% C.L.
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Figure 1: Diagram showing production of the top squark and its antiparticle (both denoted by t̃), in which the top
squarks decay into a muon and a quark. With su�ciently small values of the R-parity-violating coupling � 023k , the
lifetime of the t̃ becomes long enough to give rise to decays which are significantly displaced from their production
point.

measurements. Many of these constraints suggest that the value of any non-zero RPV coupling needs to be
small. In turn, this naturally leads to suppression of the decay processes and gives rise to long-lived SUSY
particles. A non-zero � 023k coupling would allow a top squark to decay to a muon and a k

th-generation
down-type quark, as shown in Figure 1. The strongest indirect constraints on this coupling come from
partial width measurements of the Z boson at LEP excluding � 023k > 0.45 assuming the existence of a
squark with a mass of 100 GeV. See Ref. [25] for a summary of experimental constraints on RPV SUSY.

In models with su�ciently small � 023k coupling values and where the t̃ is the LSP, the suppression of the
decay causes it to occur at discernible distances from the pp interaction point where the t̃ pair was produced.
This would give rise to muons and hadronic jets that are significantly displaced from the interaction point,
yielding a distinctive detector signature in a collider experiment, with no irreducible backgrounds from SM
processes. The search presented here is designed to be sensitive to this signature.

Other proposed BSM scenarios that could result in long-lived particle decays to at least one muon include
long-lived lepto-quarks [26], long-lived BSM particles appearing in decays of Higgs bosons [27, 28],
scenarios with right-handed neutrinos with Majorana masses below the electroweak scale [29] and RPV
scenarios with a long-lived electroweakino LSP decaying through a virtual scalar muon and a � 02jk
coupling [30].

Searches for a t̃ decaying promptly via the � 0i jk couplings have been performed by the ATLAS and CMS
collaborations [31, 32]. Exclusion limits on long-lived top squarks decaying to a muon and a hadronic jet
have also been obtained by the CMS collaboration, excluding t̃ masses below 1.4 TeV for a mean proper
lifetime of 0.1 ns [33–35]. Related searches for displaced lepton production in association with displaced
hadronic activity have been performed by the ATLAS Collaboration [36, 37].

After a brief introduction of the ATLAS detector in Section 2, details of the analyzed dataset and the event
reconstruction techniques are shown in Sections 3 and 4, respectively. The selection of events, estimation
of background process yields, and various sources of uncertainties are described in Sections 5–7. Finally,
the results and conclusions are presented in Sections 8 and 9.
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Figure 4: The observed event yields in the control, validation and signal regions are shown for the E
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(left) and Muon Trigger (right) selections, along with the predicted background yields. The bottom panel shows the
ratio of observed events to the total background yields. The errors represent the total uncertainty of the backgrounds
prediction, including the statistical and systematic uncertainties added in quadrature.

2−10 1−10 1 10 210
 ) [ns]t~( τ

1
1.2
1.4
1.6
1.8

2
2.2
2.4
2.6
2.8

 ) 
[T

eV
]

t~
m

( 

-10
10
×

 = 3
t

θ
cos

23k
'λ

-9
 = 10
t

θ
cos

23k
'λ

-10
 = 10
t

θ
cos

23k
'λ

-9
10
×

 = 3
t

θ
cos

23k
'λ

)expσ1,2 ±Expected Excl. Limit (
)SUSY

theoryσ1 ±Observed Limit (

ATLAS  Preliminary

 jµ → t~,  t~ t~ →Stop R-Hadron, pp 

, All limits at 95% CL-1=13 TeV, 136 fbs

1 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9 2
 ) [TeV]t~m( 

4−10

3−10

2−10

1−10

Up
pe

r l
im

it 
on

 c
ro

ss
 s

ec
tio

n 
[p

b]

) [NNLO+NNLL]

t~ t
~ →

(pp 
σ

ATLAS  Preliminary
-1 = 13 TeV, L = 136 fbs

All limits at 95% CL
 jµ → t~

Obs. limit 
) expσ 1 ±Exp. limit (

 ) = 1.00 nst~( τ
 ) = 0.10 nst~( τ
 ) = 0.01 nst~( τ

Figure 5: Exclusion limits at 95% CL on m(t̃) as a function of ⌧(t̃) are shown (left) along with contours showing
fixed values of � 023k cos ✓t . Experimental and theoretical uncertainties are shown. Limits on the production cross
section as a function of m(t̃) for several values of ⌧(t̃) are also shown along with the nominal signal production cross
section and its theoretical uncertainty (right).

at 95% CL. For ⌧(t̃) = 0.1 ns, cross section upper limits are set below 100 ab. For mean proper lifetimes
between 0.01 ns and 100 ns, these limits are the strictest to date on models with a metastable t̃ decaying
via the � 0i jk RPV coupling. For m(t̃) = 1 TeV, values of � 023k cos ✓t between roughly 10�8 and 10�10 are
excluded at 95% CL.

Model-independent upper limits at 95% CL on the number of BSM events in the signal region are also
derived, neglecting any significant contamination in the control regions. Normalizing these limits by the
integrated luminosity of the data sample, these numbers can be interpreted as upper limits on the visible
BSM cross section, denoted �vis. It is defined as the product of signal acceptance, reconstruction e�ciency,
and production cross section. The results are given in Table 5.
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ratio of observed events to the total background yields. The errors represent the total uncertainty of the backgrounds
prediction, including the statistical and systematic uncertainties added in quadrature.
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Figure 5: Exclusion limits at 95% CL on m(t̃) as a function of ⌧(t̃) are shown (left) along with contours showing
fixed values of � 023k cos ✓t . Experimental and theoretical uncertainties are shown. Limits on the production cross
section as a function of m(t̃) for several values of ⌧(t̃) are also shown along with the nominal signal production cross
section and its theoretical uncertainty (right).

at 95% CL. For ⌧(t̃) = 0.1 ns, cross section upper limits are set below 100 ab. For mean proper lifetimes
between 0.01 ns and 100 ns, these limits are the strictest to date on models with a metastable t̃ decaying
via the � 0i jk RPV coupling. For m(t̃) = 1 TeV, values of � 023k cos ✓t between roughly 10�8 and 10�10 are
excluded at 95% CL.

Model-independent upper limits at 95% CL on the number of BSM events in the signal region are also
derived, neglecting any significant contamination in the control regions. Normalizing these limits by the
integrated luminosity of the data sample, these numbers can be interpreted as upper limits on the visible
BSM cross section, denoted �vis. It is defined as the product of signal acceptance, reconstruction e�ciency,
and production cross section. The results are given in Table 5.
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• Top squarks with masses up to 1.7 TeV are excluded for a lifetime of 0.1 ns
• Masses below 1.3 TeV are excluded for all lifetimes between 0.01 ns and 30 ns
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Figure 5: Weighted diphoton invariant mass spectrum for the sum of all BDT categories observed in 139 fb�1 of 13
TeV data. Events are weighted by ln(1 + S90/B90), where S90 (B90) for each BDT category is the expected signal
(background) in the smallest m�� window containing 90% of the expected signal. The error bars represent 68%
confidence intervals of the weighted sums. The solid red curve shows the fitted signal-plus-background model with
the Higgs boson mass constrained to 125.09±0.24 GeV. The non-resonant and total background components of the fit
are shown with the dotted blue curve and dashed green curve. Both the signal-plus-background and background-only
curves shown here are obtained from the weighted sum of the individual curves in each BDT category.

Table 3: Observed number of events in the di�erent categories for the cross section times branching ratio measurement,
using 13 TeV data corresponding to an integrated luminosity of 139 fb�1(“Data”). The observed yields are compared
with the sum of expected tt̄H signal, background from non-tt̄H Higgs boson production, and other background
sources. The numbers are counted in the smallest m�� window containing 90% of the expected signal. The
background yield is extracted from the fit with freely floating signal. The BDT bins are labeled such that the category
with the highest signal purity in each of the “Had” and “Lep” regions is labeled as category 1, while that with the
lowest signal purity is labeled with the largest number.

Category tt̄H Signal non-tt̄H Higgs Continuum Background Total (Expected) Data
tt̄H “Lep” Category 1 7.9 ± 1.5 0.42 ± 0.12 4.6 ± 0.9 12.9 ± 1.8 15
tt̄H “Lep” Category 2 3.9 ± 0.6 0.43 ± 0.15 7.5 ± 1.2 11.8 ± 1.3 11
tt̄H “Lep” Category 3 1.45 ± 0.24 0.49 ± 0.19 7.5 ± 1.2 9.5 ± 1.2 6
tt̄H “Had” Category 1 6.9 ± 1.6 0.8 ± 0.5 4.5 ± 0.9 12.2 ± 1.9 15
tt̄H “Had” Category 2 5.6 ± 1.0 1.1 ± 0.8 16.5 ± 1.7 23.2 ± 2.3 31
tt̄H “Had” Category 3 7.7 ± 1.3 3.1 ± 2.2 56.0 ± 3.0 67 ± 4 82
tt̄H “Had” Category 4 4.9 ± 0.8 5 ± 4 101 ± 4 111 ± 6 105
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Figure 7: The normalized fraction of events in bins of BDT score in the (a) “Had” and (b) “Lep” regions of: simulated
tt̄H signal events (red); simulated non-tt̄H Higgs boson events (blue); “Not Tight/Isolated” data events used as
the background sample in testing the BDTs (open stars); and data sideband events (filled black circles). The “Not
Tight/Isolated” (NTI) data events shown are those used in testing the BDTs, and, as such, they are required to pass
all cuts in the diphoton and tt̄H preselections, other than the identification and isolation criteria. The dashed line
denotes the BDT-score cut of the loosest category in each region.
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contains 90% of the tt̄H signal, shown with black points. The expected continuum background is extracted from the
diphoton mass fits in each category and is shown in purple. The non-tt̄H Higgs boson background is shown in green,
and the tt̄H signal (for a signal strength µ = �/�SM of 1.4) is shown in red. The lower panel shows the residuals
between the data and the background in black points, as well as the predicted tt̄H signal with µ = 1.4 as the red line.
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Event Yields

Obs. (exp.) significance: 4.9 (4.2) σ

described in Section 6. Since no systematic trends were observed between categories in spurious signal
studies, the spurious signal uncertainty is left uncorrelated between the BDT categories.

8 Statistical Framework

The statistical procedure used to interpret the data is described in Ref. [77] and follows the methods from
Ref. [78]. As discussed above, the data are divided into seven tt̄H-enriched BDT categories, each with
di�erent signal-to-background ratios. For each category, an extended likelihood function is constructed,
using as input the m�� distribution of data events in the range m�� 2 [105, 160] GeV, and modeled using
the signal and background parameterizations derived for that category. The overall likelihood function is
the product of the extended likelihoods of the seven categories. Systematic uncertainties are incorporated
into the likelihood function using a set of Gaussian or log-normal constraints on nuisance parameters.

The parameter of interest, µ, is the observed cross section times the branching ratio (� ⇥ BR) of the tt̄H
(H ! ��) process, divided by the predicted SM cross section times the SM branching ratio (�SM ⇥BRSM ).
The cross section times the branching ratio itself is also a parameter of interest. The test statistic relies on
the profile likelihood ratio:

⇤(µ) = L(µ, ˆ̂✓(µ))
L(µ̂, ✓̂)

where L is the overall likelihood function, ✓ is the vector of all nuisance parameters, µ̂ and ✓̂ denote the
unconditional maximum likelihood estimate of µ, and ˆ̂✓(µ) denotes the conditional maximum likelihood
estimate for the nuisance parameters at a fixed value of µ. Agreement of the measured µ with the null
hypothesis (where µ is defined as 0) is quantified by a p-value calculated from the test statistic ⇤(µ = 0),
which corresponds to evaluating the profile likelihood ratio for a vanishing tt̄H(H ! ��) cross section.
This procedure uses the asymptotic formulae presented in Ref. [77].

9 Results

The result of the combined fit to the data is shown projected onto each of the BDT categories in Figures 3
and 4 for the “Had” and “Lep” categories, respectively. Similarly, the predicted and observed event yields
for each category are presented in Table 3. Results summed over all seven BDT categories are presented
in Figure 5; for illustration purposes, events are weighted by ln(1 + S90/B90), where S90 (B90) for each
BDT bin is the expected signal (background) in the smallest m�� window containing 90% of the expected
signal. The combined observed significance is 4.9�, while the expected significance is 4.2�. The expected
significance is evaluated assuming a SM signal and the values of all the nuisance parameters are taken
from the nominal fit to the data. The fitted values of the parameters relating to the photon energy scale and
resolution are mildly pulled with respect to their nominal values. The expected significance fixing the
aforementioned parameters to their nominal value increases to 4.5�.

The observed signal strength is

µt t̄H = 1.38 +0.41
�0.36 = 1.38 +0.33

�0.31 (stat.) +0.13
�0.11 (exp.) +0.22

�0.14 (theo.).

11
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and ratios of branching fractions. Common systematic uncertainties and modeling assumptions partially
cancel in these ratios, reducing the model dependence of the result. Section 6 presents results in the STXS
framework. Potential deviations from SM predictions are then probed in a framework of multiplicative
modifiers  applied to the SM values of Higgs boson couplings [28], presented in Section 7. Finally,
Section 8 presents an interpretation of the data within two benchmark models of beyond the SM (BSM)
phenomena. Indirect limits on model parameters are set following a methodology similar to that of Ref. [29].
Section 9 summarizes the results.

2 Data and simulated samples

The results of this note are based on proton–proton collision data collected by the ATLAS experiment2 [30,
31] in 2015, 2016 and 2017, with the LHC operating at a center-of-mass energy of 13 TeV. The integrated
luminosities of the datasets used in each analysis are shown in Table 1. The analyses are described in
Section 3.

Table 1: Integrated luminosity of the dataset used for each input analysis to the combination.

Analysis Integrated luminosity (fb�1)
H ! �� (including ttH, H ! ��) 79.8
H! Z Z⇤! 4` (including ttH, H! Z Z⇤! 4`) 79.8
H!WW⇤! e⌫µ⌫ 36.1
H ! ⌧⌧ 36.1
VH, H ! bb̄ 79.8
VBF, H ! bb̄ 24.5 – 30.6
H ! µµ 79.8
ttH, H ! bb̄ and ttH multilepton 36.1
H ! invisible 36.1
O�-shell H ! Z Z⇤ ! 4` and H ! Z Z⇤ ! 2`2⌫ 36.1

The simulated Higgs boson samples used to describe the signal processes are described below. For each
Higgs boson decay mode, the branching fraction used corresponds to the higher-order state-of-the-art
theoretical calculations [26]. The simulated background samples vary channel by channel and are described
in the individual references for the input analyses.

Most analyses use a consistent set of Higgs boson signal samples which is described in the following
paragraphs. Exceptions thereto are the VBF, H ! bb̄ and o�-shell production analyses, described in
Sections 3.5 and 3.9 respectively, and the measurements targeting decays of the Higgs boson to invisible
final states described in Section 3.8. The samples used for these analyses are described separately at the
end of this section.

2 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the centre of the detector
and the z-axis along the beam pipe. The x-axis points from the IP to the centre of the LHC ring, and the y-axis points upwards.
Cylindrical coordinates (r,�) are used in the transverse plane, � being the azimuthal angle around the z-axis. The pseudorapidity
is defined in terms of the polar angle ✓ as ⌘ = � ln tan(✓/2). Angular distance is measured in units of �R ⌘

p
(�⌘)2 + (��)2.
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Figure 2: Cross sections for ggF, VBF, WH, ZH and ttH+tH normalized to their SM predictions, measured with the
assumption of SM branching fractions. The black error bars, blue boxes and yellow boxes show the total, systematic,
and statistical uncertainties in the measurements, respectively. The gray bands indicate the theory uncertainties in the
cross section predictions.
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Figure 3: Correlation matrix for the measurement of production cross sections of the Higgs boson, assuming SM
values for its decay branching fractions.
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Figure 4: Observed likelihood contours in the plane of �VBF versus �ggF from individual channels and the combined
fit. Contours for 68% (95%) CL, defined in the asymptotic approximation by �2 ln⇤ = 2.28 (5.99), are shown in
solid (dashed) lines. The crosses indicate the best-fit values, and the solid ellipse the SM prediction. Higgs boson
branching fractions are fixed to their SM values within theory uncertainties. The compatibility between the combined
measurement and the SM prediction, estimated using the procedure outlined in the text with 2 degrees of freedom, is
indicated.

5.3 Products of production cross sections and branching ratios

A description of both the production and decay mechanisms of the Higgs boson is obtained by considering
the products (� ⇥ B)i f of the cross section in production process i and branching fraction to final state f .
The production processes are defined as in Section 5.2 except for the fact that the WH and ZH processes,
which cannot be reliably determined in all decay channels except H ! bb̄, are considered together as a
single VH process, with the ratio of WH to ZH cross sections fixed to its SM value within uncertainties.
The decay modes considered are H! ��, H ! Z Z⇤, H ! WW⇤, H ! ⌧⌧ and H ! bb̄. There are in
total 20 such independent products, but the analyses included in the combination provide little sensitivity to
ggF production in the H ! bb̄ decay mode, and to VH production in the H ! WW⇤ and H ! ⌧⌧ decay
modes. The corresponding products are therefore fixed to their SM values within uncertainties. For the
same reason, in ttH production the H ! Z Z⇤ decay mode is considered together with H ! WW⇤ as a
single H ! VV⇤ process, with the ratio of H ! Z Z⇤ to H ! WW⇤ fixed to its SM value. The results are
obtained from a simultaneous fit of all input analyses, with the 15 independent (� ⇥ B) products defined
above as parameters of interest. They are shown in Figure 5 and Table 6. The correlation matrix of the
measurements in shown in Figure 6. The largest terms in absolute value are between the ttH, H ! VV⇤

and ttH, H ! ⌧⌧ processes, and between the ggF, H ! ⌧⌧ and VBF, H ! ⌧⌧ processes. In both cases,
this is due to cross-contamination between these processes in the analyses providing the most sensitive
measurements. The compatibility between the measurement and the SM prediction corresponds to a
p-value of pSM = 71%, computed using the procedure outlined in Section 4 with 15 degrees of freedom.

20

The correlation coe�cients presented in this note are constructed as symmetric around the observed
best fit values of the parameters of interest using the second derivatives of the negative log-likelihood
ratio. Hence, the shown correlation matrices are not fully representative of the asymmetric uncertainties
observed in the measurements. While the reported information is su�cient to reinterpret the measurements
in terms of other parameterizations of the parameters of interest, this provides only an approximation
to the information contained in the full likelihood function. For this reason, results for a number of
commonly-used parameterizations are also provided in Sections 5 to 7.

5 Combined measurements of signal strength, production cross sections
and branching ratios

5.1 Global signal strength

The global signal strength µ is determined following the procedures used for the measurements performed
at

p
s = 7 and 8 TeV [3]. For a specific production mode i and decay final state f , the signal yield is

expressed in terms of a single modifier µi f , as the production cross section �i and the branching fraction
Bf cannot be separately measured without further assumptions. The modifiers are defined as the ratios of
the measured Higgs boson yields and their SM expectations, denoted by the superscript SM,

µi f =
�i

�SM
i

⇥
B f

BSM
f

. (3)

The SM expectation by definition corresponds to µi f = 1. The uncertainties on the SM predictions
are included as nuisance parameters in the measurement of the signal strength modifiers, following the
methodology introduced in Section 4.

In the model used in this section, all the µi f are set to a global signal strength µ, describing a common
scaling of the expected Higgs boson yield in all categories. Its combined measurement is

µ = 1.11+0.09
�0.08 = 1.11 ± 0.05 (stat.) +0.05

�0.04 (exp.) +0.05
�0.04 (sig. th.) ± 0.03 (bkg. th.)

where the total uncertainty is decomposed into components for statistical uncertainties, experimental
systematic uncertainties, and theory uncertainties on signal and background modeling, following the
procedure outlined in Section 4. The signal theory component includes uncertainties due to missing
higher-order perturbative QCD and electroweak corrections in the MC simulation, uncertainties on PDF
and ↵s values, the treatment of the underlying event, the matching between the hard-scattering process and
the parton shower, choice of hadronization models, and branching ratio uncertainties. The measurement is
consistent with the SM prediction with a p-value of pSM = 18%, computed using the procedure outlined in
Section 4 with one degree of freedom. The value of �2 ln⇤(µ) as a function of µ is shown in Figure 1, for
the full likelihood and the versions with sets of nuisance parameters fixed to their best-fit values to obtain
the components of the uncertainty as described in Section 4.

Table 3 shows a summary of the leading uncertainties in the combined measurement of the global signal
strength, with uncertainties computed as described in Section 4. The dominant uncertainties arise from the
theory modeling of the signal and background processes in simulation. Further important uncertainties
relate to the luminosity measurement; the selection e�ciencies, energy scale and energy resolution of
electrons and photons; the estimation of lepton yields from heavy-flavor decays, photon conversions or
misidentified hadronic jets (classified as background modelling in the table); the jet energy scale and
resolution, and the identification of heavy-flavor jets.
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Figure 15: Reduced coupling strength modifiers F mF

v for fermions (F = t, b,⌧, µ) and p
V

mV

v for weak gauge
bosons (V = W, Z) as a function of their masses mF and mV , respectively, and the vacuum expectation value of the
Higgs field v = 246 GeV. The SM prediction for both cases is also shown (dotted line). The couplings modifiers
F and V are measured assuming no BSM contributions to the Higgs boson decays, and the SM structure of loop
processes such as ggF, H ! �� and H ! gg. The lower inset shows the ratios of the values to their SM predictions.

7.5 Generic parameterization including e�ective photon and gluon couplings with and
without BSM contributions in decays

The models considered in this section are based on the same parameterization as the one in Section 7.4 but
the ggF, H ! gg and H ! �� loop processes are parameterized using the e�ective coupling strength
modifiers g and �, similar to the benchmark model probed in Section 7.3.

The measured parameters include Z , W , b, t , ⌧ , � and g. The sign of t can be either positive or
negative, while Z is assumed to be positive without loss of generality. All other model parameters are also
assumed to be positive. Three alternative scenarios are considered for the total width of the Higgs boson:

(a) No BSM contributions to the total width (Binv = Bundet = 0).

(b) Both Binv and Bundet are added as free parameters to the model. The measurements of Higgs boson
decays to invisible final states described in Section 3.8 are included in the combination, for these
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7.2 Fermion and gauge boson couplings

The model studied in this section probes the universal coupling strength scale factors V = W = Z for
all vector bosons and F = t = b = ⌧ = µ for all fermions. The e�ective couplings corresponding to
the ggH and H ! �� vertex loops are resolved in terms of the fundamental SM couplings. It is assumed
that there are no invisible or undetected Higgs boson decays, i.e. Binv = Bundet = 0. Only the relative sign
between V and F is physical. As a negative relative sign has been excluded [3], V � 0 and F � 0 are
assumed. These definitions can be applied either globally, yielding two parameters, or separately for each
of the five major decay channels, yielding ten parameters,  fV and  fF with the superscript f indicating the
decay mode. The best-fit values and uncertainties from a combined fit are

V = 1.05 ± 0.04
F = 1.05 ± 0.09.

Figure 12 shows the results of the combined fit in the (V , F ) plane as well as the contributions of the
individual decay modes in this benchmark model. Both V and F are measured to be compatible with the
SM expectation. The compatibility of the SM hypothesis with the best fit point corresponds to a p-value
of pSM = 41%, computed using the procedure outlined in Section 4 with two degrees of freedom. In the
combined measurement a linear correlation of 44% between V and F is observed.
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Figure 12: Negative log-likelihood contours at 68% and 95% CL in the ( fV ,  fF ) plane for the individual decay modes
and their combination (F versus V shown in black) assuming the coupling strengths to fermions and vector bosons
to be positive. No contributions from invisible or undetected Higgs boson decays are assumed. The best fit value for
each measurement is indicated by a cross while the SM hypothesis is indicated by a star.
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Figure 3: Measured VH, V ! leptons reduced stage-1 simplified template cross-sections times the H ! bb̄ branching
ratio.

EW symmetry breaking. Among such operators, four directly a�ect the VH cross-sections because they
introduce new Higgs boson interactions with W bosons (OHW , OW ) and Z bosons (all four operators):

• OHW = i (DµH)† �a (D⌫H)Wa
µ⌫,

• OHB = i (DµH)† (D⌫H) Bµ⌫,

• OW =
i
2

✓
H†�a

$
DµH

◆
D⌫Wa

µ⌫,

• OB =
i
2

✓
H† $

DµH
◆
@⌫Bµ⌫.

The corresponding CP-odd operators ÕHW , ÕHB, ÕW , and ÕB, are not considered.

Modifications of the gg ! ZH production cross-section are only introduced by either higher-dimension
(D � 8) operators or corrections that are formally at NNLO in QCD, and are not included in this study, in
which the expected gg ! ZH contribution is kept fixed to the SM prediction.

The operator Od = yd |H |2Q̄LHdR (plus Hermitian conjugate) with Yukawa coupling strength yd, which
modifies the coupling between the Higgs boson and down-type quarks, induces variations of the partial
width �bbH and of the total Higgs boson width �H , and therefore of the H ! bb̄ branching ratio. This
operator a�ects the measured cross-sections in the same way in each region.

Constraints are set on the coe�cients of the five OW , OB, OHW , OHB and Od operators in the ‘Higgs
E�ective Lagrangian’ (HEL) implementation [47], using the known relations between such coe�cients
and the stage-1 STXS based on leading-order predictions [48]. Such relations include interference terms
between the SM and non-SM amplitudes that are linear in the coe�cients and of order 1/⇤2, and the

11

13 TeV, 80 fb-1

Sensitive to new physics

Simplified Template Cross Section (STXS)
• Define a set of phase spaces to be 

used for Higgs XS measurements.
• Reduce model dependence and 

increase sensitivity to new physics. 
• Easy to combine different channels
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NLO, made specifically for these observables [35, 81, 82], is used as a template. This prediction also
has a dedicated no-spin template. This prediction agrees better with the data but has significant scale
uncertainties, leading to an fSM = 1.03±0.13, and is consistent both with the result from using the P�����
+ P�����8 templates and with the SM expectation of fSM = 1.

The comparison between data and the various SM predictions is illustrated in Figure 13. The disagreement
between the data and the NLO predictions from MCFM and P����� + P�����8 can be clearly observed.
The NNLO fixed-order prediction agrees better with the data but still di�ers significantly. Finally, the
expanded NLO QCD + EW prediction agrees with the data within its large scale uncertainties.

]π [rad/π)/-,l+(lφ∆Parton level 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
)]
π

 [1
/(r

ad
/

π)/- ,l+ (lφ
∆d

σd
 . 

σ1
0.4

0.6

0.8

1

1.2

1.4

1.6

Powheg (SM spin)
Powheg (No spin)
Data
Fit result

ATLAS
-1 = 13 TeV, 36.1 fbs

Inclusive

 0.08± = 1.25 SMf

Figure 11: Results of the fit of hypothesis templates to the unfolded data showing the �� distribution for the inclusive
selection. The hypothesis templates are described in Section 3.
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8 Spin correlation results

The level of spin correlation observed in data is (traditionally) assessed by quantifying it in relation to
the amount of correlation expected in the SM [2–9]. This fraction of SM-like spin correlation ( fSM) is
extracted using hypothesis templates that are fit to the parton-level, unfolded normalised cross-sections
from data. Two hypotheses are used: dileptonic tt̄ events with SM spin correlation (the nominal tt̄ sample)
and dileptonic events where the e�ect of spin correlation has been removed (the nominal tt̄ sample where
the top quarks are decayed using M��S��� with spin correlations disabled), as described in Section 3.
In each observable, a binned maximum-likelihood fit is performed using MINUIT [76]. The predicted
normalised cross-section in bin i, x

i

, is determined as a function of fSM using the expression:

x
i

= fSM · xspin, i + (1 � fSM) · xnospin, i ,

where xspin and xnospin are the expected normalised cross-sections under the SM spin hypothesis and the
uncorrelated hypothesis, respectively. The negative logarithm of a likelihood function is minimised in
order to determine fSM. The extraction of fSM is performed in five observables: the inclusive �� and ��
in each of the four regions of m

t t̄

. The total number of bins used in the extraction, N , depends upon the
region of m

t t̄

.

The statistical uncertainty on fSM is determined using ensemble tests. Ten thousand pseudo-data sets
are constructed by Poisson-smearing the observed number of events in each bin of the detector-level
distribution. Each of these data samples are unfolded in the usual manner, and fitted to extract fSM. The
RMS of the resulting distribution of fSM values gives the statistical uncertainty on this quantity.

Systematic uncertainties on fSM are determined using the same procedure as for the unfolded di�erential
cross-sections, considering the same sources as those described in Section 6. Monte Carlo samples with
di�erent sources of systematic uncertainty are unfolded, as described in Section 5, and the unfolded spectra
are used as pseudo-data. The templates are fit to this pseudo-data and the di�erence between the systematic
fSM and the nominal (i.e. fSM = 1) is taken as the systematic uncertainty on fSM due to that source. The
dominant uncertainties are summarised in Table 5; the largest sources of systematic uncertainty arise due
to the modelling of the tt̄ process.

The hypothesis templates for each observable, the unfolded data, and the resulting fit are presented in
Figure 11 and Figure 12. The fSM extracted from each observable and the significance with respect to
the SM hypothesis are presented in Table 6. Two cases are considered: first, only the uncertainties on the
unfolded measurement are taken into account, and second, factorisation and renormalisation scale shifts as
well as PDF uncertainties3 on the hypothesis templates are included. These are distinct from the radiation
uncertainties (which also include scale variations) that are already included in the unfolded di�erential
cross-section uncertainties.

For the inclusive result, the spin correlation extracted from the unfolded data is significantly higher than
the SM expectation at a significance of 3.8 standard deviations without including theoretical uncertainties
on the hypothesis templates, and at 3.2 standard deviations when including these uncertainties. Previous
measurements from ATLAS and CMS have also observed a fSM above 1 but the uncertainties were such
that the results remained consistent with the prediction [2–9]. The central fSM value as a function of m

t t̄

is found to increase as a function of m
t t̄

, however, the uncertainties on fSM are much larger than in the
inclusive case and none of the results deviate significantly from the SM expectation.

3 30 eigenvector variations from the PDF4LHC recommendation [67].
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Table 5: Summary table of the e�ect of experimental systematic uncertainties on the fSM extraction. Uncertainties
which are smaller than the precision shown are included in the totals and the fSM significance calculations.

m
t t̄

range [GeV]

Systematic Inclusive m
t t̄

< 450 450  m
t t̄

< 550 550  m
t t̄

< 800 m
t t̄

� 800

Matrix element ±0.006 ±0.11 ±0.064 ±0.01 ±0.3

Parton shower and hadronisation ±0.010 ±0.02 ±0.005 ±0.01 ±1.4

Radiation and scale settings ±0.055 ±0.05 ±0.061 ±0.23 < 0.1

PDF ±0.002 < 0.01 ±0.003 ±0.01 < 0.1

Background modelling ±0.009 ±0.01 +0.014
�0.015 ±0.01 ±0.1

Lepton ID and reconstruction ±0.008 ±0.01 +0.030
�0.036

+0.03
�0.10

+0.5
�0.2

b-tagging +0.004
�0.003 ±0.01 ±0.025 +0.04

�0.02
+0.1
�0.2

Jet ID and reconstruction +0.014
�0.017

+0.02
�0.05

+0.076
�0.093

+0.17
�0.26

+1.7
�0.6

Emiss
T reconstruction < 0.001 +0.01

�0.02
+0.042
�0.034

+0.12
�0.14

+0.9
�0.7

Pile-up e�ects +0.013
�0.010 < 0.01 +0.015

�0.019
+0.07
�0.04

+0.2
�0.4

Luminosity ±0.001 < 0.01 +0.002
�0.000 < 0.01 < 0.1

MC statistical uncertainty ±0.005 < 0.01 ±0.007 ±0.03 ±0.05

Total systematics ±0.061 +0.12
�0.13

+0.13
�0.14

+0.31
�0.41

+2.5
�1.7

Table 6: Summary of extracted fSM values for each explored region with total uncertainties as well as the significance
of the result with respect to the SM hypothesis. The significance with respect to the SM hypothesis is calculated
using the statistical and systematic uncertainties on the data under a Gaussian assumption as well as the e�ect of scale
variations and PDF uncertainties on the hypothesis templates. The values in brackets exclude the e�ect of theoretical
uncertainties on the hypothesis templates and only include the statistical and systematic uncertainties on the data.

Region fSM ± (stat.,syst.,theory) Significance (excl. theory uncertainties)

Inclusive 1.249 ± 0.024 ± 0.061 ± 0.040 3.2 (3.8)

m
t t̄

< 450 GeV 1.12 ± 0.04 +0.12
�0.13 ± 0.02 0.86 (0.87)

450  m
t t̄

< 550 GeV 1.18 ± 0.08 +0.13
�0.14 ± 0.08 1.0 (1.1)

550  m
t t̄

< 800 GeV 1.65 ± 0.19 +0.31
�0.41 ± 0.22 1.3 (1.4)

m
t t̄

� 800 GeV 2.2 ± 0.9 +2.5
�1.7 ± 0.7 0.58 (0.61)
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Figure 1: Representative Feynman diagrams at LO in QCD and in the five-flavour-number scheme for single-top-quark
production in (a) the t-channel, (b) tW production, and (c) the s-channel.

cross-section is the smallest at the LHC. In this process, a quark–antiquark pair annihilates to produce
a time-like virtual W boson, which decays to a t-quark and a b̄-quark. This process was observed in pp̄
collisions at the Tevatron [36] and evidence of it was reported by the ATLAS Collaboration in pp collisions
at
p

s = 8 TeV [37].

In this paper, the t-channel, tW , and s-channel single-top-quark cross-section measurements by the ATLAS
and CMS experiments are combined for each production mode, separately at pp centre-of-mass energies of
7 and 8 TeV. A combined determination of | fLVV

tb

| is also presented, using as inputs the values of | fLVV
tb

|2
calculated from the measured and predicted single-top-quark cross-sections in the three production modes
at
p

s = 7 and 8 TeV. Using the same approach, results are also shown for | fLVV
tb

| combinations for each
production mode.

The theoretical cross-section calculations are described in Section 2. Section 3 presents the cross-section
measurements. The combination methodology is briefly described in Section 4. Section 5 is devoted to a
discussion of systematic uncertainties in the cross-section measurements as well as theoretical calculations,
where the latter a�ect the | fLVV

tb

| extraction in particular. The assumptions made about the correlation of
uncertainties between the two experiments, as well as between theoretical calculations, are also discussed.
Section 6 presents the combination of cross-sections for each production mode at the same centre-of-mass
energy. In Section 7, determinations of | fLVV

tb

| are performed using all single-top-quark cross-section
measurements together or by production mode. Stability tests are also shown and discussed. In Section 8,
the results are summarised.

2 Theoretical cross-section calculations

The theoretical predictions for the single-top-quark production cross-sections are calculated at next-to-
leading order (NLO) in the strong coupling constant ↵s, at NLO with next-to-next-to-leading-logarithm
(NNLL) resummation (named NLO+NNLL), and at next-to-next-to-leading order (NNLO). The NLO
prediction is used in the V

tb

combination for the t-channel and s-channel, while the NLO+NNLL prediction
is used for tW , as explained below. The NLO prediction is calculated with H��H�� (v2.1) [38, 39].
Uncertainties comprise the scale uncertainty, the ↵s uncertainty, and the parton distribution function (PDF)
uncertainty. The scale uncertainty is evaluated using the MSTW2008 NLO [40, 41] PDF set, by varying
the renormalisation and factorisation scales up and down by a factor of two. The combination of the
PDF+↵s uncertainty is calculated according to the PDF4LHC prescription [42] from the envelope of the

4

t channel s channeltW

LHC一期数据
7TeV和8 TeV

6.4 Summary of cross-section combinations

A summary of the cross-sections measured by ATLAS and CMS and their combinations in all single-
top-quark production modes at each centre-of-mass energy is shown in Figure 2. The measurements
are compared with the theoretical predictions shown in Table 1: NNLO for t-channel only, NLO
and NLO+NNLL for all three production modes. For the NLO calculation, the renormalisation- and
factorisation-scale uncertainties and the sum in quadrature of the contributions from scale, PDF, and ↵s are
shown separately. Only the scale uncertainty is shown for the NNLO calculation. For the NLO+NNLL
calculation, the sum in quadrature of the contributions from scale, PDF, and ↵s is shown. All measurements
are in good agreement with their corresponding theoretical predictions within their total uncertainties.
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Figure 2: Single-top-quark cross-section measurements performed by ATLAS and CMS, together with the combined
results shown in Sections 6.1�6.3. These measurements are compared with the theoretical predictions at NLO and
NLO+NNLL for all three production modes and the prediction at NNLO for t-channel only. The corresponding
theoretical uncertainties are also presented. The scale uncertainty for the NNLO prediction is small and is presented
as a narrow band under the dashed line.

The stability of the combinations of the cross-section measurements to variations in the correlation
assumptions, discussed in Section 5, is checked for the theory modelling, JES, the most important
contributions to the theoretical cross-section predictions (i.e. PDF+↵s and scale) and the integrated
luminosity. The results of these tests show that their impacts on the cross-section combinations are very
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• Long Shutdown 2019-2020: ATLAS Phase-I Upgrade
• 2021-2023: LHC Run 3。 积累150 fb-1。Run 1 + Run 2 > 300

fb-1

• Run 3 LHC expectations: 瞬时亮度 L = 3x1034cm-2s-1 at √s = 14 TeV.
à更大的pileup

• 需要提高触发判选的能力（效率和fake rejection）
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ATLAS Phase I Upgrade for LHC Run 3 

Muon System
New Small 
Wheel

Liquid Argon 
Calorimeter
Trigger 
Electronics
FE & BE

+ Trigger and Data Acquisition System
Fast Tracker (FTK), Topological Triggers, 
High level Trigger, Common Readout, ...

Toroid and 
Solenoid
Magnets

Inner Detector
TRT, SCT, Pixels
● Software
● Optical Readout

Tile Calorimeter

● Run 3 LHC expectations: L = 3x1024cm-2s-1 (int. L = 300 fb-1) at √s = 14 TeV.
● Need better trigger capabilities (efficiency and fake rejection).
● Maintain same acceptance and pT thresholds with higher pile-up.
New Small Wheel

10th September 2018 �29

The ATLAS detector: Phase-I upgrades

V. Martin,  Kruger 2016, 5 December 2016

17

New Small Wheel

sTGC

sTGC

 MM

Will replace inner wheel of muon end-cap in Phase-I
Increased hit rate capability

Rejection of fake L1 muon triggers

MicroMegas – precision tracker
Spatial resolution <100μm

Good track separation

Small strip TGC – trigger detector
Bunch ID with good timing resolution

Track vector with <1mrad resolution

Chamber production expected
to start very soon

Muon & Timing Detector

7

13

    High-Granularity Timing Detector

E+ciency for hard-sca-er jets

E+ciency strongly dependent 

on �ming resolu�on

See talk by
Dirk Zerwas

Evaluating option of adding thin, high-granularity timing 
detector in front of end-cap calorimeter (2.5<|η|<4.2)

Multiple layers of silicon and optional tungsten absorber

Pad size: 1x1mm2 – 3x3 mm2

Timing precision: 30-50 ps

Precise timing use to reject pile-up jets

Possibility for use in trigger
also being studied

Minimum bias
scintillators

Pile-up jet rejection power:

High-granularity
timing detector

Investigating potential of a timing detector: 

thin, high-granularity timing detector in 

front of endcap calorimeter (2.5<|η|<4.2)

17

New Small Wheel

sTGC

sTGC

 MM

Will replace inner wheel of muon end-cap in Phase-I
Increased hit rate capability

Rejection of fake L1 muon triggers

MicroMegas – precision tracker
Spatial resolution <100μm

Good track separation

Small strip TGC – trigger detector
Bunch ID with good timing resolution

Track vector with <1mrad resolution

Chamber production expected
to start very soon

Phase I upgrade:  

•  Replace inner wheel of muon 

endcap with New Small Wheel: 
microMegas (MM) and small strip 

thin-gap chambers (sTGC)

•New inner 

RPC layer in 

the barrel

Minimum bias 

scintillators 

High-granularity 
timing detector 

Phase II upgrade:  

8

Barrel Trigger: BI RPC layer

- Solution: introduce a new RPC triplet
  (RPC0) on barrel inner (BI)

- New small-gap RPCs with higher rate
  capability

- Need to replace MDT in small sectors
  with small-MDTs to make room for 
  RPCs

- Pilot Phase-I upgrade project
  BIS78 (1<|eta|<1.2)
  RPC+sMDT chambers 

See talk by H. Kroha

124 LTDB 
320 channels/board 
Digitise signals at 40 MHz  31 LDPS LArC 

124 AMCs LATOME 
320 channels/AMC 
Reconstruct BCID,  

ET at 40 MHz

F I N A L A D J U S T M E N T S f o r 
PRODUCTION - VERY INTENSE 
CONSTRUCTION PERIOD AHEAD of 
US for INSTALLATION DURING LS2

Muon New Small Wheel Liquid Argon Trigger  electronics Frontend & Backend

new Layer Sum Board 

Trigger and Data Acquisition

New Small Wheel (NSW) 
• MicroMegas
• Thin Gap Chambers (sTGC)

将提供
• 更精确的径迹
• 高颗粒度；更短的响应时间
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Phase I Upgrades: Muon System and LAr
ATLAS-TDR-020-2013

Muon New Small Wheel (NSW)
▪ MigroMegas
▪ Thin Gap Chambers (sTGC)

– precise tracking 
<100μm resolution

– High granularity
– Fast response time

L1 Calo Trigger

● Improved Front End and Back End 
Electronics

● Improved Segmentation → Super Cells
● Improved processing → Feature 

Extractors (FEX)

ATLAS-TDR-022-2013

● Production 
getting ready

● Very intense 
construction 
period ahead

L1 Calo Trigger
• Better electronics
• More segmentation 

ATLAS: Recent Results and Future Perspectives
gbrandt@cern.ch

SILAFAE 
26.-30.11.18
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Phase I Upgrades - FTK and TDAQ

Trigger and Data Acquisition

● FELIX unified readout 
interface electronics

●
●
●

● New trigger electronics and 
readouts needed for Muon 
System and LAr Calorimeter 
to cope with larger data rate 
at 40 MHz readout rate.

Fast Track Trigger (FTK)
● Associated Memories used for 

pattern matching of Si hits
● Tracking at Level 1 trigger 

rate (100 KHz)

ATLAS-TDR-023-2013ATLAS-TDR-021-2013

Fast Track Trigger

ATLAS: Recent Results and Future Perspectives
gbrandt@cern.ch

SILAFAE 
26.-30.11.18
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Phase I Upgrades - FTK and TDAQ

Trigger and Data Acquisition

● FELIX unified readout 
interface electronics

●
●
●

● New trigger electronics and 
readouts needed for Muon 
System and LAr Calorimeter 
to cope with larger data rate 
at 40 MHz readout rate.

Fast Track Trigger (FTK)
● Associated Memories used for 

pattern matching of Si hits
● Tracking at Level 1 trigger 

rate (100 KHz)

ATLAS-TDR-023-2013ATLAS-TDR-021-2013
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Phase I Upgrades - FTK and TDAQ

Trigger and Data Acquisition

● FELIX unified readout 
interface electronics

●
●
●

● New trigger electronics and 
readouts needed for Muon 
System and LAr Calorimeter 
to cope with larger data rate 
at 40 MHz readout rate.

Fast Track Trigger (FTK)
● Associated Memories used for 

pattern matching of Si hits
● Tracking at Level 1 trigger 

rate (100 KHz)

ATLAS-TDR-023-2013ATLAS-TDR-021-2013Trigger and Data 
Acquisition

• FELIX unified 
readout interface 
electronics

• New trigger 
electronics and 
readouts needed for 
Muon and LAr
Calorimeter

Tracking at Level 1 
trigger rate (100 KHz)
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ATLAS Phase II Upgrade

Inner Tracking 
Detector ITk

Trigger and 
Data Acquisition 
(TDAQ) Upgrades

Muon Spectrometer 
Upgrade In Inner Barrel 
Region

High Granularity 
Timing Detector 
HGTD

+ Further major upgrades in various subsystems and continuous 
efforts in consolidation in cooling systems, electronics, power 
supplies, shielding ...



总结

• ATLAS实验圆满完成了LHC二期的取数。各部分探测器
工作正常。共获取149 fb-1，效率>94%。可用做物理分析
的积分亮度140 fb-1

• 到目前为止，ATLAS一共提交文章840篇
• ATLAS持续探测新的领域，VVV的迹象，VBS的发现，

Dijet，Z‘的寻找，Long Lived Particles等等
• 精确测量Higgs（H to bb, ttH），top，标准模型其他过
程(W质量，弱混合角)。Higgs领域的next challenge: 
H→𝜇𝜇, H→Z𝛾
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10th September 2018

All six TDRs of the ATLAS Phase-II upgrade programme have been presented by 
ATLAS, review and approved by the LHC Committee and the Upgrade Cost 
Group, and finally approved by the CERN research board.

Status of the Phase II upgrade for HL-LHC

�31

Silicon Strip    +  Pixel tracker    Muon system                 Calorimeters                      TDAQ 

In addition, ATLAS is preparing a TDR for the High Granularity timing detector.

Towards update of the European Strategy: preparation of CERN Yellow 
Report with updated projections for HL-LHC.

积极准备Phase-I
和Phase-II升级
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WWW ! `⌫`⌫qq WWW ! `⌫`⌫`⌫

Lepton Two leptons with pT >
27(20)GeV and one same-sign

lepton pair

Three leptons with pT >
27(20, 20)GeV and no same-

flavour opposite-sign lepton pairs

m`` 40 < m`` < 400GeV �
Jets At least two jets with pT >

30(20)GeV and |⌘| < 2.5
�

mjj mjj < 300GeV �
�⌘jj |�⌘jj | < 1.5 �
Emiss

T Emiss
T > 55GeV (only for ee) �

Z boson veto mee < 80GeV or mee > 100GeV (only for ee and µee)
Lepton veto No additional lepton with pT > 7GeV and |⌘| < 2.5
b-jet veto No b-jets with pT > 25GeV and |⌘| < 2.5

Input Variable 3`-1j 3`-2j 3`-3j

m3` 5 4 5

m`0`1 7 9

m`0`2 8 8

m`1`2 10 10

leading jet pT 12 14

p
`0
T 3 3

p
`1
T 6 5 8

p
`2
T 9 12 9

Emiss
T 6 11

⌃pT(`) 2 2 4

⌃pT(j) 2

HT 4 7

total lepton charge 13 15 12

invariant mass of all leptons, jets and Emiss
T 1 7

invariant mass of the best Z ! `` and leading jet 11

sub-leading jet pT 11 3

mjj for the two leading pT jets 1

mW!`⌫
T 13

number of reconstructed jets 10

mbest W
jj 1

smallest mjj 6

Input Variable DF on-shell SF o↵-shell SF

number of reconstructed jets 6 4 6

m
4` 3 6 4

Emiss

T

4 1 1

H lep

T

1

Hhad

T

5

msecond best pair

`` 2 3 2

mbest Z
`` 5 5

H
T

2 3

Uncertainty source �µ

Data-driven +0.14 –0.15

Theory +0.15 –0.13

Instrumental +0.11 –0.09

MC stat. uncertainty +0.05 –0.05

Generators +0.04 –0.03

Total systematic uncertainty +0.30 –0.27

WWW 判选条件

BDT 3l

BDT 4l

系统误差
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Figure 5: The W boson charge asymmetry as a function of absolute muon pseudorapidity. The data are presented
with systematic and total uncertainties (the data statistical uncertainties are smaller than the size of the markers). In
the left plot, the data are compared with the prediction from DYNNLO in which the CT14 NNLO PDF set is used.
The DYNNLO prediction is also shown with its associated total theoretical uncertainty, along with the component
from the PDF set. In the right plot, the data are compared with the central prediction from DYNNLO produced using
a selection of PDFs. The statistical uncertainties of the DYNNLO predictions are indicated by error bars. The ratios
of the data to the corresponding prediction are shown in the lower panels.

16

1 Introduction

Measurements of the W+ and W� boson cross-sections in hadron collisions are a sensitive probe of quantum
chromodynamics (QCD). High-precision predictions at next-to-next-to-leading-order (NNLO) accuracy
in QCD are available to compare with data. Of particular interest is the ability of such measurements to
discriminate between di↵erent parton distribution functions (PDFs) [1–7], because the W boson rapidity1

y is strongly correlated with the initial-state parton momentum fractions x. In high-energy proton–proton
collisions, the main production mechanism of single W bosons is a valence quark annihilating with a
sea antiquark. The W bosons are preferentially produced with a boost in the direction of the incoming
valence quark, as the quark is more likely to be at a higher x than the corresponding antiquark. Since
the PDFs of u and d quarks in the proton di↵er (largely due to there being two valence u quarks and
one valence d quark), there is a production asymmetry between W+ and W� bosons (referred to in this
paper as the W boson charge asymmetry), which also varies as a function of rapidity. The boson rapidity
cannot be determined unambiguously in leptonic decays of the W boson because the decay neutrino passes
through the detector unobserved. The charge asymmetry can instead be measured as a function of the
decay lepton’s pseudorapidity ⌘`, which is strongly correlated with the W boson rapidity.

The W boson charge asymmetry was measured in proton–antiproton collisions by the CDF and D0
collaborations [8–10]. It was also measured, along with the individual cross-sections, in proton–proton
collisions at the LHC by the ATLAS Collaboration at centre-of-mass energies of

p
s = 5 TeV [11] and

7 TeV [2], by the CMS Collaboration at
p

s = 7 and 8 TeV [12–14], and by the LHCb Collaboration at
p

s
= 7 and 8 TeV [15–17].

This paper presents measurements of the integrated fiducial cross-sections for W+ ! µ+⌫ and W� ! µ�⌫̄,
as well as the di↵erential cross-sections, d�Wµ+ /d⌘µ and d�Wµ� /d⌘µ, as a function of |⌘µ|, where ⌘µ is
the pseudorapidity of the decay muon. The data used were collected in proton–proton collisions at a
centre-of-mass energy of

p
s = 8 TeV with the ATLAS experiment at the LHC and correspond to a total

integrated luminosity of 20.2 fb�1 [18]. The muon decay channel (W ! µ⌫) is particularly well suited for
this measurement due to good lepton identification and small contributions from background processes. In
addition, a measurement of the W boson charge asymmetry Aµ is presented, also as a function of |⌘µ|. The
asymmetry is defined in terms of the W+ and W� di↵erential cross-sections as

Aµ =
d�Wµ+ /d⌘µ � d�Wµ� /d⌘µ
d�Wµ+ /d⌘µ + d�Wµ� /d⌘µ

. (1)

The measurements are performed in a fiducial phase space, which is defined by the kinematics and
geometrical acceptance of the muon. All measurements are compared with predictions from a calculation
performed at NNLO accuracy using the DYNNLO program [19]. The DYNNLO predictions are produced
with six di↵erent PDF sets.

1 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point in the centre of the detector and
the z-axis coinciding with the axis of the beam pipe. The x-axis points from the interaction point to the centre of the LHC
ring, and the y-axis points upward. Cylindrical coordinates (r, �) are used in the transverse plane, � being the azimuthal angle
around the beam pipe. The pseudorapidity is defined in terms of the polar angle ✓ as ⌘ = � ln tan(✓/2). The rapidity y of a
system is defined in terms of its energy E and its longitudinal momentum pz as y = (1/2) ln[(E + pz)/(E � pz)]. Angular
separations between particles or reconstructed objects are measured in ⌘–� space using �R =

p
(�⌘)2 + (��)2.

3
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W产生的电荷不对称性

8 TeV, 20 fb-1

电弱耦合角测量

eff
lθ2sin

0.23 0.231 0.232
 0.00036±0.23140 ATLAS: 8 TeV

 0.00043±0.23166 CFATLAS: ee

 0.00049±0.23119 
CC
µµ+CCATLAS: ee

 0.00120±0.23080 ATLAS: 7 TeV

 0.00053±0.23101 CMS: 8 TeV

 0.00106±0.23142 LHCb: 7+8 TeV

 0.00033±0.23148 Tevatron

 0.00026±0.23098 lSLD: A

 0.00029±0.23221 0,b
FBLEP-1 and SLD: A

 0.00016±0.23152 LEP-1 and SLD: Z-pole
ATLAS Preliminary

Figure 11: Comparison of the measurements of the e↵ective leptonic weak mixing angle, sin2 ✓`e↵ , presented in this
note to previous measurements at LEP/SLC, at the Tevatron, and at the LHC. The overall LEP-1/SLD average [49]
is represented together with its uncertainty as a vertical band. The ATLAS combined result for all channels is
shown, together with the results for the eeCF channel alone and for the combined eeCC and µµCC channels. This
latter result can be compared directly with the CMS result on the same dataset and has a similar overall accuracy.

CT10 CT14 MMHT14 NNPDF31

sin2 ✓`e↵ 0.23118 0.23141 0.23140 0.23146

Uncertainties in measurements

Total 39 37 36 38

Stat. 21 21 21 21

Syst. 32 31 29 31

Table 13: Results for extracted values of sin2 ✓`e↵ with the global breakdown of their uncertainties, shown for the
four PDF sets considered in this note. The uncertainty values are given in units of 10�5.

the results quoted below. The combined result is measured to be:

0.23140 ± 0.00021 (stat.) ± 0.00024 (PDF) ± 0.00016 (syst.),

where the first uncertainty corresponds to the data statistical uncertainty, the second to the PDF uncertain-
ties in the MMHT14 PDF set, and the third to all other systematic uncertainties a↵ecting the measurement
and its interpretation. This result agrees within its total uncertainty of ±0.00036 with the current value
of 0.23150 ± 0.00006 from global electroweak fits [24]. Figure 11 compares the ATLAS measurements
presented in this note to previous measurements from the LHC experiments, to the recently published
combined legacy measurement from the CDF and D0 experiments at the Tevatron, and to the most precise
legacy individual measurements from LEP and SLC. The combined ATLAS result has similar precision
to that of the most precise LEP/SLC measurements shown in the plot, and to that of the overall combined

31

ATLAS-CONF-2018-037
PDF
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Z

W

q

production 
axis of the

q

Figure 7: The decay angle ✓`,W (Z) is defined as the angle between the negatively (positively for W+) charged lepton
produced in the decay of the W (Z) boson as seen in the W (Z) rest frame and the direction of the W (Z) which is
given in the W Z centre-of-mass frame.

than the nominal W mass, no real solutions exist for p⌫
z

. The most likely cause is that the measured Emiss
T is

larger than the actual neutrino pT. In this case, the best estimate is obtained by choosing the real part of the
complex solutions. As an alternative to the cos ✓`,W observable using this reconstruction of the neutrino
momentum, a “transverse helicity” observable introduced in Ref. [19] was tested, but a similar or lower
sensitivity for the measurement of the f0 helicity fraction for W bosons was obtained, so it was not pursued
further.

For the polarisation measurements, all four decay channels, eee, eµµ, µee, and µµµ, are added together.
The measurements of W and Z boson polarisation are performed separately for W+Z , W�Z and W±Z
events. To allow the datasets of both W boson charges to be combined for the measurement in W±Z events,
cos ✓`,W is multiplied by the sign of the lepton charge q` . Figures 9(a) and 9(b) present the reconstructed
distributions for W±Z events of q` · cos ✓`,W for the W bosons and of cos ✓`,Z for Z bosons. The MC
predictions provide a good description of the shapes of the data distributions.

The helicity parameters f0 and fL � fR are measured in W±Z events separately for W and Z bosons using a
binned profile-likelihood fit [101] of templates of the three helicity states to the q` · cos ✓`,W and cos ✓`,Z
distributions. The equation f0 + fR + fL = 1 is used to constrain the independent parameters of the fit to f0,
fL � fR and the integrated fiducial cross section. The templates of q` · cos ✓`,W and cos ✓`,Z distributions
for each of the three helicity states of the W and Z bosons are extracted from the P�����+P����� MC
sample [19]. For each of the gauge bosons, generically denoted as V , the predicted helicity fractions of
P�����+P����� MC events are determined as a function of pVT and y

V

by fitting the analytic functions of
equations (1) and (2) to the predicted cos ✓`,V distributions in the total phase space. The MC templates at
detector level representing longitudinal, left- and right-handed states of the W boson are then obtained by
reweighting of P�����+P����� MC events according to

1
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8 f gen.
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0 sin2 ✓`,W
,

where
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11 Polarisation measurement

11.1 Formalism and analysis principle

The polarisation of a gauge boson can be determined from the angular distribution of its decay products.
At the Born level, the expected angular distribution for massless fermions in the rest frame of the parent W
boson is given in terms of the diagonal elements f0, fL and fR of the spin density matrix [97–100] by

1
�
W

±
Z

d�
W

±
Z

d cos ✓`,W
=

3
8

fL[(1 ⌥ cos ✓`,W )2] + 3
8

fR[(1 ± cos ✓`,W )2] + 3
4

f0 sin2 ✓`,W , (1)

where ✓`,W is defined using the helicity frame, as the decay angle of the charged lepton in the W rest frame
relative to the W direction in the W Z centre-of-mass frame, as shown in Figure 7. The terms f0, fL and fR
refer to the longitudinal, transverse left-handed and transverse right-handed helicity fractions, respectively,
and the normalisation is chosen such that f0 + fL + fR = 1. In the equation, the upper and lower signs
correspond to W+ and W� bosons, respectively. All dependencies on the azimuthal angle are integrated
over.

The expected angular distribution of the lepton decay products of the Z boson is described by the
generalisation of Equation (1) [97–99]:

1
�
W

±
Z

d�
W

±
Z

d cos ✓`,Z
=

3
8

fL(1 + 2↵ cos ✓`,Z + cos2 ✓`,Z )

+
3
8

fR(1 + cos2 ✓`,Z � 2↵ cos ✓`,Z )

+
3
4

f0 sin2 ✓`,Z , (2)

where ✓`,Z is defined using the helicity frame, as the decay angle of the negatively charged lepton in the Z
rest frame relative to the Z direction in the W Z centre-of-mass frame. The parameter ↵ = (2c

v

c
a

)/(c2
v

+ c2
a

)
is expressed in terms of the vector c

v

= � 1
2 + 2 sin2 ✓e�

W and axial-vector c
a

= �1
2 couplings of the Z boson

to leptons, respectively, where the e�ective value of the Weinberg angle sin2 ✓e�
W = 0.23152 [37] is used.

Equation (2) also holds for the contribution from �⇤ and its interference with the Z boson, with appropriate
c
v

and c
a

coe�cients. The tight invariant mass window of ±10 GeV around the nominal Z boson mass
minimises the contribution from �⇤, although all the helicity fractions presented here are e�ective fractions,
containing the small contribution from �⇤.

Equations (1) and (2) are valid only when the full phase space of the leptonic decays of the gauge bosons is
accessible. Restrictions on the pT and ⌘ values of the charged decay lepton or of the neutrino suppress
events at

��cos ✓`,W (Z)
�� ⇠ 1, as shown in Figure 8, and the analytic expressions of Equations (1) and (2)

cannot be used to extract the helicity fractions. Simulated templates therefore must be used.

Another major di�culty arises for the W boson from incomplete knowledge of the neutrino momentum. The
large angular coverage of the ATLAS detector enables measurement of the missing transverse momentum,
which can be identified as the transverse momentum of the neutrino. The neutrino longitudinal momentum
p⌫
z

is obtained using the W mass constraint. Solving the corresponding equation leads to a twofold ambiguity
which is resolved by choosing the solution with the smaller |p⌫

z

|. If the measured transverse mass is larger
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Figure 1: Representative Feynman diagrams at LO in QCD and in the five-flavour-number scheme for single-top-quark
production in (a) the t-channel, (b) tW production, and (c) the s-channel.

cross-section is the smallest at the LHC. In this process, a quark–antiquark pair annihilates to produce
a time-like virtual W boson, which decays to a t-quark and a b̄-quark. This process was observed in pp̄
collisions at the Tevatron [36] and evidence of it was reported by the ATLAS Collaboration in pp collisions
at
p

s = 8 TeV [37].

In this paper, the t-channel, tW , and s-channel single-top-quark cross-section measurements by the ATLAS
and CMS experiments are combined for each production mode, separately at pp centre-of-mass energies of
7 and 8 TeV. A combined determination of | fLVV

tb

| is also presented, using as inputs the values of | fLVV
tb

|2
calculated from the measured and predicted single-top-quark cross-sections in the three production modes
at
p

s = 7 and 8 TeV. Using the same approach, results are also shown for | fLVV
tb

| combinations for each
production mode.

The theoretical cross-section calculations are described in Section 2. Section 3 presents the cross-section
measurements. The combination methodology is briefly described in Section 4. Section 5 is devoted to a
discussion of systematic uncertainties in the cross-section measurements as well as theoretical calculations,
where the latter a�ect the | fLVV

tb

| extraction in particular. The assumptions made about the correlation of
uncertainties between the two experiments, as well as between theoretical calculations, are also discussed.
Section 6 presents the combination of cross-sections for each production mode at the same centre-of-mass
energy. In Section 7, determinations of | fLVV

tb

| are performed using all single-top-quark cross-section
measurements together or by production mode. Stability tests are also shown and discussed. In Section 8,
the results are summarised.

2 Theoretical cross-section calculations

The theoretical predictions for the single-top-quark production cross-sections are calculated at next-to-
leading order (NLO) in the strong coupling constant ↵s, at NLO with next-to-next-to-leading-logarithm
(NNLL) resummation (named NLO+NNLL), and at next-to-next-to-leading order (NNLO). The NLO
prediction is used in the V

tb

combination for the t-channel and s-channel, while the NLO+NNLL prediction
is used for tW , as explained below. The NLO prediction is calculated with H��H�� (v2.1) [38, 39].
Uncertainties comprise the scale uncertainty, the ↵s uncertainty, and the parton distribution function (PDF)
uncertainty. The scale uncertainty is evaluated using the MSTW2008 NLO [40, 41] PDF set, by varying
the renormalisation and factorisation scales up and down by a factor of two. The combination of the
PDF+↵s uncertainty is calculated according to the PDF4LHC prescription [42] from the envelope of the

4
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Figure 4: The combined | fLVV
tb

| value extracted from the t-channel and tW cross-section measurements atp
s = 7 and 8 TeV from ATLAS and CMS, as well as the ATLAS s-channel measurement at

p
s = 8 TeV, is shown

together with the combined | fLVV
tb

| values for each production mode. The theoretical predictions for t-channel
and s-channel production are computed at NLO accuracy, while the theoretical predictions for tW are calculated
at NLO+NNLL accuracy. The �theo. uncertainties used to compute | fLVV

tb

| include scale, PDF+↵s, m
t

, and Ebeam
variations.
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1 Introduction

Measurements of single-top-quark production via the electroweak interaction, a process first observed
in proton–antiproton (pp̄) collisions at the Tevatron [1, 2], have entered the precision era at the Large
Hadron Collider (LHC). It has become possible to measure top-quark properties using single-top-quark
events [3]. Single-top-quark production is sensitive to new physics mechanisms [4] that either modify the
tWb coupling [5–10] or introduce new particles and interactions [11–16]. The production rate of single top
quarks is proportional to the square of the left-handed coupling at the tWb production vertex, assuming
that there are no significant tWd or tWs contributions. In the Standard Model (SM), this coupling is given
by the Cabibbo–Kobayashi–Maskawa (CKM) [17, 18] matrix element V

tb

. Indirect measurements of |V
tb

|,
from precision measurements of B-meson decays [19] and from top-quark decays [20–23], rely on the
SM assumptions that the CKM matrix is unitary and that there are three quark generations. The most
stringent indirect determination comes from a global fit to all available B-physics measurements, resulting
in |V

tb

| = 0.999105 ± 0.000032 [19]. This fit also assumes the absence of any new physics mechanisms
that might a�ect b-quarks. The most precise indirect measurement using top-quark events was performed
by the CMS Collaboration in proton–proton (pp) collisions at a centre-of-mass energy of

p
s = 7 TeV,

resulting in |V
tb

| = 1.007 ± 0.016 [23].

A direct estimate of the coupling at the tWb production vertex, | fLVV
tb

|, is obtained from the measured
single-top-quark cross-section �meas. and its corresponding theoretical expectation �theo.,

| fLVV
tb

| =
r

�meas.
�theo. (Vt b=1)

, (1)

where the fLV term is a left-handed form factor, assumed to be real [24]. By construction, this form
factor is exactly one in the SM, while it can be di�erent from one in models of new physics processes.
The direct estimation assumes that |V

td

|, |V
ts

| ⌧ |V
tb

| [25, 26], and that the tWb interaction involves a
left-handed weak coupling, like that in the SM. The | fLVV

tb

| determination via single-top-quark production
is independent of assumptions about the number of quark generations and the unitarity of the CKM matrix [4,
27–29]. Since the indirect determination of |V

tb

| gives a value close to unity, V
tb

is considered equal to
one in theoretical calculations of the single-top-quark cross-section. The combination of single-top-quark
measurements from the Tevatron gives | fLVV

tb

| = 1.02+0.06
�0.05 [30].

Single-top-quark production mostly proceeds, according to the SM prediction, via three modes that can be
defined at leading order (LO) in perturbative quantum chromodynamics (QCD): the exchange of a virtual
W boson in the t-channel or in the s-channel, and the associated production of a top quark and a W boson
(tW). Representative Feynman diagrams for these processes at LO are shown in Figure 1.

In pp collisions at the LHC, the process with the largest single-top-quark production cross-section is the
t-channel, where a light-flavour quark q from one of the colliding protons interacts with a b-quark by
exchanging a space-like virtual W boson, producing a top quark (t-quark) and a recoiling light-flavour
quark q0, called the spectator quark. At LO, the b-quark can be considered as directly emitted from the
other proton (five-flavour-number scheme or 5FS) or it can come from gluon splitting (four-flavour-number
scheme or 4FS) [31]. The kinematic properties of the spectator quark provide distinctive features for
this process [32, 33]. The associated production of a W boson and a top quark has the second-largest
production cross-section. In a representative process of tW production, a gluon interacts with an initial
b-quark by exchanging a virtual b-quark, producing a t-quark and a W boson. The measurement of this
process su�ers from a large background from top-quark pair (tt̄) production [34, 35]. The s-channel
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Figure 2: Leading-order Feynman diagrams of Higgs boson production via the (a) qq̄ ! V H and (b,c) gg ! Z H
production processes.
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Figure 3: Leading-order Feynman diagrams of Higgs boson production via the qq̄/gg ! tt̄H and qq̄/gg ! bbH
processes.

The W H and Z H production processes are collectively referred to as the V H process. Other less important
production processes in the SM that are not directly searched for, but are considered in the combination, are
qq, gg ! bbH (bbH), also shown in Fig. 3, and the production in association with a single top quark (tH)
shown in Fig. 4. The latter proceeds through either the qb! tHq (tHq) (Figs. 4a and 4b) or gb! tHW
(tHW ) (Figs. 4c and 4d) process. The tH process is expected to have a negligible contribution in the SM
but may become important in some BSM scenarios.

Leading-order Feynman diagrams of the Higgs boson decays considered in the combination are shown in
Figs. 5 and 6. The decays to W and Z bosons (Fig. 5a) and to fermions (Fig. 5b) proceed through tree-level
processes whereas the H ! �� decay is mediated by W -boson or heavy quark loops (Fig. 6).

The theoretical calculations of the SM Higgs boson production cross sections and decay branching ratios
have been reviewed and compiled by the LHC Higgs Cross Section Working Group in Refs. [25–27] and are
summarised with their overall uncertainties in Tables 1 and 2 for a Higgs boson mass mH = 125.09 GeV.
The SM predictions of the branching ratios for H ! gg, cc and Z� are included for completeness. Though
they are not explicitly searched for, they impact the combination through their contributions to the Higgs
boson width and, at a small level, through their expected yield in certain categories.
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Figure 4: Leading-order Feynman diagrams of the Higgs boson production in association with a single top quark:
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Figure 5: Leading-order Feynman diagrams of Higgs boson decays (a) to W and Z bosons and (b) to fermions.
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Figure 6: Leading-order Feynman diagrams of Higgs boson decays to a pair of photons.

2.2. Signal Monte Carlo simulation

All analyses use MC samples to model the Higgs boson production and decay kinematics, and to estimate
acceptance and selection e�ciency. Table 3 summarises the event generators used by ATLAS and CMS
for the

p
s = 8 TeV data analyses.

The main features of the signal simulation are recalled here; for more details, the reader is referred to the
individual publications:

• for ggF and VBF both experiments use P����� [30–34] for the event generation, interfaced either
to P�����8 [35] (ATLAS) or P�����6.4 [36] (CMS) for the simulation of the parton shower, of the
hadronisation, and of the underlying event, referred to in the following as UEPS (underlying event
and parton shower).

• in the case of W H and Z H production, both experiments use leading-order (LO) event generators
for all quark-initiated processes, namely P�����8 in ATLAS and P�����6.4 in CMS. A prominent
exception is the more sensitive H ! bb decay channel, for which ATLAS uses P�����/P�����8,
while CMS uses P�����/H�����++ [37]. The ggZ H production process is also important to
consider, even though it contributes only approximately 8% to the total Z H production cross
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2.2. Signal Monte Carlo simulation

All analyses use MC samples to model the Higgs boson production and decay kinematics, and to estimate
acceptance and selection e�ciency. Table 3 summarises the event generators used by ATLAS and CMS
for the
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s = 8 TeV data analyses.
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The W H and Z H production processes are collectively referred to as the V H process. Other less important
production processes in the SM that are not directly searched for, but are considered in the combination, are
qq, gg ! bbH (bbH), also shown in Fig. 3, and the production in association with a single top quark (tH)
shown in Fig. 4. The latter proceeds through either the qb! tHq (tHq) (Figs. 4a and 4b) or gb! tHW
(tHW ) (Figs. 4c and 4d) process. The tH process is expected to have a negligible contribution in the SM
but may become important in some BSM scenarios.

Leading-order Feynman diagrams of the Higgs boson decays considered in the combination are shown in
Figs. 5 and 6. The decays to W and Z bosons (Fig. 5a) and to fermions (Fig. 5b) proceed through tree-level
processes whereas the H ! �� decay is mediated by W -boson or heavy quark loops (Fig. 6).

The theoretical calculations of the SM Higgs boson production cross sections and decay branching ratios
have been reviewed and compiled by the LHC Higgs Cross Section Working Group in Refs. [25–27] and are
summarised with their overall uncertainties in Tables 1 and 2 for a Higgs boson mass mH = 125.09 GeV.
The SM predictions of the branching ratios for H ! gg, cc and Z� are included for completeness. Though
they are not explicitly searched for, they impact the combination through their contributions to the Higgs
boson width and, at a small level, through their expected yield in certain categories.
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2.2. Signal Monte Carlo simulation

All analyses use MC samples to model the Higgs boson production and decay kinematics, and to estimate
acceptance and selection e�ciency. Table 3 summarises the event generators used by ATLAS and CMS
for the

p
s = 8 TeV data analyses.

The main features of the signal simulation are recalled here; for more details, the reader is referred to the
individual publications:

• for ggF and VBF both experiments use P����� [30–34] for the event generation, interfaced either
to P�����8 [35] (ATLAS) or P�����6.4 [36] (CMS) for the simulation of the parton shower, of the
hadronisation, and of the underlying event, referred to in the following as UEPS (underlying event
and parton shower).

• in the case of W H and Z H production, both experiments use leading-order (LO) event generators
for all quark-initiated processes, namely P�����8 in ATLAS and P�����6.4 in CMS. A prominent
exception is the more sensitive H ! bb decay channel, for which ATLAS uses P�����/P�����8,
while CMS uses P�����/H�����++ [37]. The ggZ H production process is also important to
consider, even though it contributes only approximately 8% to the total Z H production cross
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2.2. Signal Monte Carlo simulation

All analyses use MC samples to model the Higgs boson production and decay kinematics, and to estimate
acceptance and selection e�ciency. Table 3 summarises the event generators used by ATLAS and CMS
for the

p
s = 8 TeV data analyses.

The main features of the signal simulation are recalled here; for more details, the reader is referred to the
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• for ggF and VBF both experiments use P����� [30–34] for the event generation, interfaced either
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and parton shower).
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for all quark-initiated processes, namely P�����8 in ATLAS and P�����6.4 in CMS. A prominent
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consider, even though it contributes only approximately 8% to the total Z H production cross
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Table 3: Summary of the event generators used to model the Higgs boson production processes and decay channels
at
p

s = 8 TeV in the ATLAS and CMS experiments.

Production Event generator
process ATLAS CMS

ggF P����� [30–34] P�����
VBF P����� P�����
W H P�����8 [35] P�����6.4 [36]
Z H (qq ! Z H or qg ! Z H) P�����8 P�����6.4
ggZ H (gg ! Z H) P����� See text
ttH P����� [44] P�����6.4
tHq (qb! tHq) M��G���� [46] �MC@NLO [29]
tHW (gb! tHW ) �MC@NLO �MC@NLO
bbH P�����8 P�����6, �MC@NLO

2.3. Signal strengths

The signal strength parameter µ, defined as the ratio between the measured Higgs boson rate and its SM
expectation, has been extensively used to characterise the Higgs boson yields. However, the meaning of µ
varies depending on the analysis. For a specific production and decay channel i ! H ! f , the signal
strengths for the production, µi , and for the decay, µf , are defined as

µi =
�i

(�i )SM
and µf =

BR f

(BR f )SM.
(2)

Here �i (i = ggF,VBF,W H, Z H, ttH) and BR f ( f = Z Z,WW, ��, ⌧⌧, bb) are respectively the produc-
tion cross section for i ! H and the decay branching ratio for H ! f . The subscript "SM” refers to
their respective SM predictions, so by definition, µi = 1 and µf = 1 in the SM. Since �i and BR f cannot
be separately measured without additional assumptions, only the product of µi and µ f can be extracted
experimentally, leading to a signal strength µfi for the combined production and decay:

µfi =
�i · BR f

(�i )SM · (BR f )SM
= µi ⇥ µf (3)

The ATLAS and CMS data are combined and analysed using this signal strength formalism and the results
are presented in Section 5. For all these signal strength fits, as well as for the generic parameterisation
presented in Section 4.1, the parameterisations of the expected yields in each analysis category are done
under the following assumptions: for the production processes, the bbH signal strength is assumed to
be the same as for ggF, the tH signal strength is assumed to be the same as for ttH , and the ggZ H
signal strength is assumed to be the same as for q-initiated Z H production; for the Higgs boson decays,
the H ! gg and H ! cc signal strengths are assumed to be the same as for H ! bb decays, and the
H ! Z� signal strength is assumed to be the same as for H ! �� decays. These assumptions are
di�erent from the ones made in the case of the fits using coupling modifiers described in Section 2.4.
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The W H and Z H production processes are collectively referred to as the V H process. Other less important
production processes in the SM that are not directly searched for, but are considered in the combination, are
qq, gg ! bbH (bbH), also shown in Fig. 3, and the production in association with a single top quark (tH)
shown in Fig. 4. The latter proceeds through either the qb! tHq (tHq) (Figs. 4a and 4b) or gb! tHW
(tHW ) (Figs. 4c and 4d) process. The tH process is expected to have a negligible contribution in the SM
but may become important in some BSM scenarios.

Leading-order Feynman diagrams of the Higgs boson decays considered in the combination are shown in
Figs. 5 and 6. The decays to W and Z bosons (Fig. 5a) and to fermions (Fig. 5b) proceed through tree-level
processes whereas the H ! �� decay is mediated by W -boson or heavy quark loops (Fig. 6).

The theoretical calculations of the SM Higgs boson production cross sections and decay branching ratios
have been reviewed and compiled by the LHC Higgs Cross Section Working Group in Refs. [25–27] and are
summarised with their overall uncertainties in Tables 1 and 2 for a Higgs boson mass mH = 125.09 GeV.
The SM predictions of the branching ratios for H ! gg, cc and Z� are included for completeness. Though
they are not explicitly searched for, they impact the combination through their contributions to the Higgs
boson width and, at a small level, through their expected yield in certain categories.
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2.2. Signal Monte Carlo simulation

All analyses use MC samples to model the Higgs boson production and decay kinematics, and to estimate
acceptance and selection e�ciency. Table 3 summarises the event generators used by ATLAS and CMS
for the

p
s = 8 TeV data analyses.

The main features of the signal simulation are recalled here; for more details, the reader is referred to the
individual publications:

• for ggF and VBF both experiments use P����� [30–34] for the event generation, interfaced either
to P�����8 [35] (ATLAS) or P�����6.4 [36] (CMS) for the simulation of the parton shower, of the
hadronisation, and of the underlying event, referred to in the following as UEPS (underlying event
and parton shower).

• in the case of W H and Z H production, both experiments use leading-order (LO) event generators
for all quark-initiated processes, namely P�����8 in ATLAS and P�����6.4 in CMS. A prominent
exception is the more sensitive H ! bb decay channel, for which ATLAS uses P�����/P�����8,
while CMS uses P�����/H�����++ [37]. The ggZ H production process is also important to
consider, even though it contributes only approximately 8% to the total Z H production cross
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2.4. Coupling modifiers

Based on a leading-order motivated framework [27] (-framework), coupling modifiers have been proposed
to interpret the LHC data using specific modifications of the Higgs boson couplings related to new physics
beyond the SM. Within the assumptions already mentioned in Section 1, the production and decay of the
Higgs boson can be factorised, such that the cross section times BR of an individual channel�(i! H ! f )
contributing to a measured signal yield can be parameterised as:

�i · BR f =
�i(~) · �f (~)

�H
, (4)

where �H is the total width of the Higgs boson and �f is the partial width of the Higgs boson decay to the
final state f . A set of coupling modifiers, ~, is introduced to parameterise potential deviations from the
SM predictions of the Higgs boson couplings to SM bosons and fermions. For a given production process
or decay mode denoted “ j”, a coupling modifier  j is defined such that:

2j = � j/�
SM
j or 2j = �

j/� jSM. (5)

In the SM, all  j values are positive and equal to unity; here, by construction, the SM cross sections and
branching ratios themselves include the best available higher-order QCD and EW corrections, as shown
in Tables 1 and 2. This higher-order accuracy is not necessarily preserved for  j values di�erent from
unity, but the dominant higher-order QCD corrections factorise to a large extent from any rescaling of the
coupling strengths and are therefore assumed to remain valid over the whole range of  j values considered
in this paper. Individual coupling modifiers, corresponding to tree-level Higgs boson couplings to the
di�erent particles, are introduced, as well as e�ective coupling modifiers g and � that describe ggF
production and H ! �� decay: this is possible because BSM particles which might be present in these
loops are not expected to appreciably change the kinematics of the corresponding process. In contrast, the
gg ! Z H process, which occurs at leading order through box and triangular loop diagrams (see Figs. 2b
and 2c) is not treated using an e�ective coupling modifier, because a tree-level ggH Z contact interaction
from new physics would likely show a kinematic structure very di�erent from the SM and is expected to
be highly suppressed [41, 50]. Any other possible BSM e�ects on the gg ! Z H process are related to
modifications of the H Z Z and ttH interactions, which are best taken into account within the limitation of
the framework, by resolving the loop in terms of the corresponding coupling modifiers, Z and t .

Di�erent production processes and decay modes probe di�erent coupling modifiers, as can be visualised
from the Feynman diagrams in Section 2.1. Loop processes such as gg ! H and H ! �� can be
studied through either the e�ective coupling modifiers, thereby providing sensitivity to potential BSM
physics in the loops or the modifiers of the SM particles themselves. Interference contributions of di�erent
diagrams provide some sensitivity to relative signs between Higgs boson couplings to di�erent particles.
As discussed in Section 6.4, such e�ects are potentially largest for the H ! �� decays, but could also
be significant in the case of ggZ H and tH production. As an example, in the SM, the tH cross section
is small, approximately 14% of the ttH cross section, because of the destructive interference between
diagrams involving the couplings to the W boson and the top quark, as shown in Table 4, if one sets t
and W to their SM value of unity. However, the interference becomes constructive for negative values of
the product W ⇥ t . In the specific case W ⇥ t = �1, the tHW and tHq cross sections increase by a
factor of 6 and 13, respectively, in which case the tH process becomes sensitive to the relative sign of the
W -boson and top-quark couplings, despite its small SM cross section. As shown in Section 6.4, however,
the sensitivity of the data presented here to most of these interference e�ects remains small.
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2.4. Coupling modifiers
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�i · BR f =
�i(~) · �f (~)

�H
, (4)
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2j = � j/�
SM
j or 2j = �

j/� jSM. (5)
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and W to their SM value of unity. However, the interference becomes constructive for negative values of
the product W ⇥ t . In the specific case W ⇥ t = �1, the tHW and tHq cross sections increase by a
factor of 6 and 13, respectively, in which case the tH process becomes sensitive to the relative sign of the
W -boson and top-quark couplings, despite its small SM cross section. As shown in Section 6.4, however,
the sensitivity of the data presented here to most of these interference e�ects remains small.
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Table 9: Parametrizations of Higgs boson production cross sections �i , partial decay widths � f , and the total width
�H , normalized to their SM values, as functions of the coupling strength modifiers . The e�ect of invisible and
undetected decays is not considered in the expression for �H . For e�ective  parameters associated with loop
processes, the resolved scaling in terms of the modifications of the Higgs boson couplings to the fundamental SM
particles is given. The coe�cients are derived following the methodology in Ref. [28].

Production Loops Interference
E�ective

Resolved modifier
modifier

�(ggF) X t � b 2g 1.04 2t + 0.002 2
b
� 0.04 t b

�(VBF) - - - 0.73 2W + 0.27 2Z
�(qq/qg ! ZH) - - - 2Z
�(gg ! ZH) X t � Z (ggZH) 2.46 2Z + 0.46 2t � 1.90 Z t
�(WH) - - - 2W
�(ttH) - - - 2t

�(tHW) - t � W - 2.91 2t + 2.31 2W � 4.22 t W
�(tHq) - t � W - 2.63 2t + 3.58 2W � 5.21 t W
�(bb̄H) - - - 2

b

Partial decay width
�bb - - - 2

b

�WW - - - 2W
�gg X t � b 2g 1.11 2t + 0.01 2

b
� 0.12 t b

�⌧⌧ - - - 2⌧

�ZZ - - - 2Z
�cc - - - 2c (= 2t )
��� X t � W 2� 1.59 2W + 0.07 2t � 0.67 W t
�Z� X t � W 2(Z�) 1.12 2W � 0.12 W t
�ss - - - 2s (= 2b)
�µµ - - - 2µ

Total width (Binv = Bundet = 0)

�H X - 2H

0.58 2
b
+ 0.22 2W

+0.08 2g + 0.06 2⌧
+0.03 2Z + 0.03 2c
+0.0023 2� + 0.0015 2(Z�)
+0.0004 2s + 0.00022 2µ
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not used because of the overwhelming QCD background while the VBF mode has low sensitivity and
is not included in this combination, although CMS recently published their first result in this specific
channel [71].

The signal yield in a category k, nsignal(k), can be expressed as a sum over all possible Higgs boson
production processes i, with cross section �i , and decay channels f , with branching ratio BR f :

nsignal(k) = L(k) ⇥
X

i

X

f

(
�i ⇥ Af

i (k) ⇥ " fi (k) ⇥ BR f
)
,

= L(k) ⇥
X

i

X

f

µi µ
f
(
�SM
i ⇥ Af

i (k) ⇥ " fi (k) ⇥ BR f
SM

) (7)

where L(k) represents the integrated luminosity, Af
i (k) the detector acceptance, and " fi (k) the overall

selection and analysis e�ciency for the signal category k. The symbols µi and µf are the production and
decay signal strengths defined in Section 2.3, respectively. As Eq. 7 shows, the measurements considered
in this paper are only sensitive to the products of the cross sections and branching ratios, �i ⇥ BR f .
Additional information or assumptions are needed to determine the cross sections and branching ratios
separately.

In the ideal case, each category would only select signal events from a given production process and decay
channel. Most decay channels approach this ideal case, but, in the case of the production processes, the
categories are much less pure and there is important cross-contamination in most channels.

3.2. Statistical treatment

The overall statistics methodology used in the combination to extract the parameters of interest in various
parameterisations is that adopted also for the individual ATLAS and CMS combinations, as published
in Refs. [13,14]. It has been developed by the ATLAS and CMS Collaborations in the context of the LHC
Higgs Combination Group and is described in Ref. [72]. Some details of this procedure are important for
this combination and are briefly reviewed here.

The statistical treatment of the data is based on the standard LHC data modelling and handling toolkits,
RooFit [73], RooStats [74] and HistFactory [75]. The parameters of interest ~↵, e.g. signal strengths
(µ), coupling modifiers (), production cross sections, branching ratios or ratios of the above quantities,
are estimated with their corresponding confidence intervals via the profile likelihood ratio test statistic
⇤(~↵) [76]. The latter depends on one or more parameters of interest, as well as on the nuisance parameters
~✓, which reflect various experimental or theoretical uncertainties.

⇤(~↵) =
L
�
~↵ ,

ˆ̂
~✓(~↵)
�

L(~̂↵, ~̂✓)
(8)

The likelihood functions in the numerator and denominator of this equation are built using products of
signal and background probability density functions (pdfs) in the discriminating variables. The pdfs are
derived from simulation for the signal and from both data and simulation for the background, as described
in Refs. [13, 14]. The vectors ~̂↵ and ~̂✓ denote the unconditional maximum likelihood estimates of the
parameter values, and

ˆ̂
~✓ denotes the conditional maximum likelihood estimate for given fixed values of
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Nuisance parameters: about 4200 NPs (most of them are 
related to MC statistics uncertainties), one single fitting 
takes hours

POI

• RooFit development
• Asymptotic method

• Most of experimental systematics are assumed 
uncorrelated

• Main correlated systematics are the signal theoretical 
uncertainties


